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L .  

2 J475 

I 

L 

A deta i led  spectroscopic study of M 82 has been car r ied  out from-spectra 

taken i n  nine d i f f e ren t  pos i t ion  angles, and extending about 2' from t h e  center  

of the' galaxy (the radius of M 82 is about 4'). 

veloc i ty  curves from the  emission l i nes  show steep gradients and large dips ,  

when compared with the  observed absorption l i n e  ro ta t ion  curve obtained by 

In  many pos i t ion  angles,  the  

d 

M a y a l l ,  and confirm and give more information about the  expansion stemming 

from an explosion as it was first discovered by Lynds and Sandage. It appears 

t h a t  the gas which w a s  blown out forms a double cone with a half-angle fi: 200. 

The t r u e  space ve loc i ty  i s  about 450 km/sec f o r  the  gas fu r thes t  from the  

center  whose l ine-of-s ight  veloci ty  can be measured. 

curves i n  pos i t ion  angles 0' and 145' (the psot ion angle of the  major ax is  of  

t he  galaxy i s  62') show t h a t  we are observing gas i n  the  exploded cones above 

The forms o f  t he  ve loc i ty  

and below the  main body of the  galaxy and these obey approximately l i n e a r  

velocity-distance r e l a t ions ,  while the  ve loc i ty  curve o f  the  gas .in the  main 

body of t he  galaxy indicates  t ha t  it has undergone damping and deceleration. 

It is estimated t h a t  t he  explosion tha t  gave r i s e  t o  the  gas now seen i n  the 

exploded double cone took place between 2 and 3 mill ion years ago. 

Study of the spec t r a l  features  due t o  the  stars i n  M 82 suggests t h a t  

t he re  i s  a real difference i n  s t e l l a r  population between the  cen t r a l  p a r t  and 

the  outer  p a r t s .  

Final ly ,  a rediscussion of the energet ics  of the outburst  i s  given. It 

i s  concluded t h a t  a t o t a l  energy of - ergs o r  g rea t e r  may have been re- 

leased  i n  the  l a s t  few mil l ion years, a value considerably g rea t e r  than the  

minimum t o t a l  energy obtained by wnds and Sandage. This value has been 

obtained because it is  assumed tha t  t he  o p t i c a l  synchrotron rad ia t ion  is  pro- 

duced by electrons with rad ia t ion  ha l f - l i ves  that are short  compared with the  

age of t he  primary explosion, so tha t  many generations of e lectrons have been 

produced. A s imi l a r  s i t u a t i o n  is  thought t o  apply t o  the  Crab and the  j e t  @ 

M 87, both of which a re  a l s o  sources of o p t i c a l  synchrotron radiat ion.  
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I. INTRODUCTION 

Messier 82 i s  one of the most in te res t ing  of the nearby b r igh t  i r r egu la r  

galaxies.  

those i n  the Hubble Atlas (Sandage 1961) as pa r t i cu la r ly  good examples. 

a se r i e s  of remarkable p l a t e s  have recently been published by Lynds and Sandage 

(1963). In  Figures 1 and 2 we show two p l a t e s  taken in  blue l i g h t  a t  the  prime- 

focus of t he  82-inch telescope which we s h a l l  use f o r  reference,  

Many photographs of it have been reproduced and we may r e f e r  t o  

Also, 

The galaxy has been extensively observed spectroscopically by Mayall 

(1960) and the  r e l a t ion  o f  i ts  color t o  i t s  spec t r a l  cha rac t e r i s t i c s  has been 

pentioned by Morgan and Mayall (1959). 

red co lor  of the  galaxy was due t o  the presence of la rge  amounts of dust i n  

it. The 21-cm s tudies  (Volders and Hggbom 1961) show t h a t  there  is  a large 

mass of neu t r a l  atomic hydrogen associated with M 82. 

' o f  uncondensed matter i n  the galaxy as  manifested by the  dust and the  neut ra l  

atomic hydrogen suggest t h a t  it i s  comparatively young i n  evolutionary terms. 

They concluded t h a t  t he  abnormally 

The very la rge  amount 

It w a s  thought t h a t  a study of t h e  in t e r - r e l a t ion  of  t he  stars and the  

gas i n  t h i s  galaxy and a l so  a study of i t s  ve loc i ty  f i e l d  might give information 

on the  physical conditions prevail ing i n  a galaxy at a r a the r  d i f f e ren t  

evolutionary s t a t e  from t h a t  of our own, Accordingly, an invest igat ion using 

the  nebular B-spectrograph attached t o  t h e  82-inch McDonald telescope w a s  

begun i n  1960. Recently, one more spectrum was obtained with the  prime-'focus 

spectrograph on the  Lick 120-inch telescope. 

Before t h i s  mater ia l  w a s  analyzed the  remarkable invest igat ion of Lynds 

and Sandage (1963) based on f i l t e r  photographs and spectra  w a s  published. 

' tha t  paper  they gave strong circumstantial  evidence f o r  supposing t h a t  about 

In  

6 1.5 x 10 years ago a v io len t  explosion occurred i n  the  cen t r a l  p a r t s  

In t h i s  outburst  a la rge  flux o f  r e l a t i v i s t i c  p a r t i c l e s  was generated 

of M 82. 

and 
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mater ia l  was  blown out i n  t h e  d i rec t ion  of t h e  poles .  It appears probable 

t h a t  outbursts  of t h i s  type occur i n  m a n y  types of galaxy ( c f .  Burbidge, 

Burbidge, and Sandage 1963). 

at least p a r t l y  i n  the  form of  r e l a t i v i s t i c  p a r t i c l e s ,  means t h a t  much gas 

has been ionized and exc i ted  through t h e  d i r e c t  or i nd i r ec t  ac t ion  of the 

p a r t i c l e s ,  while t h e  occurrence of  an outburst  suggests that probably t h e  ' 

ve loc i ty  f i e l d  i n  t h e  c e n t r a l  p a r t s  may s t i l l  have l a rge  components which 

w e r e  generated i n  t h e  explosion. 

The input of energy, of magnitude 2 e rgs  

11. THE OBSERVATIONS 

Spectra  were obtained with the  s l i t  i n  many pos i t i on  angles,  and d e t a i l s  

o f  t h e  observations are contained i n  Table 1. The s l i t  o r i en ta t ions  and t h e  

limits of the  ve loc i ty  measurements are marked on t h e  p l a t e  i n  Figure 1. 

While the g a l w  has an angular diameter of near ly  8 ! ,  emit t ing gas can be 

detected only out t o  d is tances  of  about I' from t h e  cen te r  i n  t h e  d i r ec t ion  

of  the major ax i s .  Thus t h e  bulk o f  our measures, which come fr'om t h e  

emission l i n e s  Ha, [ N  I I ]  hh6548,  6583, and [S II] Ah 6717, 6731, extend 

only over t h i s  region. I n  addition, emission l i n e s  of HB, Hy, H6,  [0 111) 

h 4959, h 5007, [0 111 h 3727, and H e  I A 5876 are v i s i b l e  i n  t h e  c e n t r a l  

p a r t ,  but w e r e  not measured. 

[N 113, and [S 111 l i n e s  extend over t he  whole main body of  t h e  galaxy and 

In  the d i r ec t ion  of t he  minor ax i s  t h e  Ha ,  

c Ha and [ N  111 extend a l s o  i n  t h e  filamentary s t r u c t u r e  outs ide.  In  Figure 3 

we show the  red s p e c t r a l  region of s i x  of t h e  McDonald spec t ra .  A l l  of  t h e  

measures obtained from t h e  emission l i n e s  are given i n  Table 2 ,  and, f o r  a l l  

' pos i t i on  angles except 46" and 5743, are p l o t t e d  i n  Figures 4 - 11. 
spectrum B 920, only absorption l ines w e r e  measured, because on t h i s  long 

exposure t h e  s t rong  continuum obscures t h e  emission l i n e s .  

b 

For 

- 4 -  



Since the re  i s  no neat cen t r a l  nucleus i n  M 82, as the re  i s  i n  regular  

galaxies ,  we have some uncertainty i n  the  loca t ing  of t h e  s l i t  i n  t h e  var ious 

spec t ra .  In  s e t t i n g  t h e  galaxy on t h e  spectrograph s l i t  f o r  most of t h e  

McDonald spec t ra ,  t h e  aim w a s  t o  s e t  t h e  p a r t  appearing b r i g h t e s t  t o  t h e  eye, 

namely t h e  H I1 region southwest o f  t he  dark lane ,  indicated i n  Figure 2,  on 

t h e  s l i t ,  i n  t h e  hope t h a t  a reasonably s t rong continuum coming from t h i s  

would be unmistakable on t h e  r e su l t i ng  spec t ra ,  and t h a t  i t s  cen te r  could be 

ce r t a in ly  judged. However, it is  a c t u a l l y  hard t o  judge t h e  cen te r  of  t h i s  

region, as it is  i n  f a c t  p a r t  of a complex of ,  H I1 regions.  Different  seeing 

conditions f o r  t h e  d i f f e r e n t  spectra  (although none were taken i n  poor seeing) ,  

coupled with a s l i g h t  uncertainty i n  t h e  guiding with the  B-spectrograph, m e a n  

t h a t  one should judge by t h e  l i g h t  d i s t r i b u t i o n  i n  t h e  r e su l t i ng  s t r i p  of 

continuum, as wel l  as by i t s  ex ten t .  Fortunately,  i n  most of t h e  spec t ra ,  

o ther  l e s s  ' intense s t r i p s  of continua, coming from p a r t s  of  t h e  galaxy t h a t  

appear op t i ca l ly  b r igh t  i n  Figures 1 and 2,  show up on t h e  var ious spec t ra .  

We have measured t h e  pos i t i ons  of t h e  edges of such continua (which are good 

only t o  a few seconds of  a r c ,  because o f  lack of sharpness and t h e  reso lu t ion  

of t h e  photographic p l a t e ) ,  and they are  indicated i n  Figures 4 - 11 by the  

dark bands drawn along t h e  horizontal  ax i s .  The shaded bands ind ica te  regions 

of less s t rong continua. We have been guided by the  pos i t i ons  of  these  edges, 

and a l s o  by t h e  shapes of t h e  ve loc i ty  curves i n  adjacent pos i t i on  angles,  i n  

making small adjustments, up t o  a maximum of 4" (60 pc a t  t h e  dis tance of M 82) ,  

i n  t h e  pos i t i on  estimated during t h e  measurement of  t h e  spec t r a  as t h e  zero 

of dis tance perpendicular t o  dispersion on t h e  spec t ra .  

during measurement w a s  e i t h e r  the geometrical cen ter  of t h e  c e n t r a l  s t r i p  of 

conti,nuum or an est imate  of i t s  center  of grav i ty  where it appeared not iceably 

shaded.) 

(The pos i t i on  estimated 

I n  t h e  r e s t  of t h i s  paper, we denote by - y t h e  dis tance e i t h e r  from 

- 5 -  



. 

t h e  assumed center  or from t h e  point of crossing t h e  major ax is .  

Bearing i n  mind t h i s  inherent uncertainty of order  a few seconds of a r c  

i n  loca t ing  t h e  spec t r a ,  we show i n  Figure 1 t h e  loca t ions  of t he  s l i t  f o r  

a l l  t he  spec t ra .  For t h e  two close t o  the  minor ax i s  which cross t h e  major 

a x i s  a t  a l i t t l e  dis tance from t h e  center  of t h e  b r igh t  H I1 region, our 

l oca t ion  i s  consis tent  with the  ve loc i ty  occurring on t h e  o the r  spec t r a  at  the  

crossing-point (as w i l l  be seen below). 

we have p l o t t e d  t h e  v e l o c i t i e s  f o r  pos i t ion  angles 155" ("335") and 142" (E322') 

read from t h e  p l o t  of Lynds and Sandage (1963), although t h e i r  measures r e f e r  

t o  pos i t ions  displaced about 5" t o  10" along t h e  major ax i s  from our  spectrum. 

However, t h e  agreement among the  three s e t s  of measurements i s  good. 

I n  Figure 10, pos i t i on  angle 145", 

It can be seen from Figures 4 - 9 t h a t  t h e  c e n t r a l  v e l o c i t i e s  given by 

each of  these  spec t r a  t h a t  cross through an approximately common point  show 

some s c a t t e r ;  they range from +280 km/sec (B 737) t o  +330 km/sec (B 720, 724). 

The mean value i s  +305 km/sec. 

t he  s l i g h t  uncertainty i n  loca t ion  of t h e  spec t ra  described above, and some t o  

s m a l l  p la te - to-p la te  e r r o r s .  

Some p a r t  of t h e  s c a t t e r  i s  probably due t o  

111. ROTATION AND MASS 

The f a c t  t h a t  emit t ing gas can be detected only i n  t h e  c e n t r a l  p a r t s  o f  

t h e  galaxy means t h a t  measurements o f  t he  ro t a t ion  of t h e  bulk of t h e  luminous 

matter must be made by using the  s t e l l a r  absorption l i n e s .  Dr. N.  U.  Mayall 

has very kindly given us h i s  own o r ig ina l  measures which come almost e n t i r e l y  

from absorption l i n e s ,  from four  p l a t e s ,  with only a few v e l o c i t i e s  obtained 

from [0 1 1 ]  h 3727. 

measured i n  pos i t i on  angle 62O, together  with our emission l i n e  measures i n  

t h e  same pos i t i on  angle. 

In Figure 4 we have r ep lo t t ed  t h e  mean poin ts  of Mayall, 

we have not p l o t t e d  our absorpt ion-l ine measures i n  
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pos i t i on  angle 6 2 O ,  because Mayall 's absorpt ion-l ine data a re  much more 

extensive than our own, s ince we have been mainly concerned with t h e  v e l o c i t y  

f i e l d  f romthe  emission l i n e s  i n  the c e n t r a l  region. Our absorpt ion-l ine 

measures extend only from the  center  t o  y = 16011 southeast;  t h e  mean values  a re  

l i s t e d  i n  Table 3. For t h e  ou te r  par t  o f  t h e  galaxy, (y < -60ti), t he re  is  

good agreement with Mayall 's observations.  For t h e  region from t h e  center  

t o  y - -bO", our v e l o c i t i e s  are systematical ly  lower than h i s .  

g rea t  s c a t t e r  i n  t h e  absorption l i n e  measures both i n  the  raw data of  Mayall 

and i n  our own results. The reasons f o r  t he  s c a t t e r  l i e  i n  t h e  f a c t  t h a t  t h e  

absorption l i n e s  a r e  broad and d i f f i c u l t  t o  measure aga ins t  an o f t en  weak con- 

tinuum. However, i n  view of t he  fac t  t h a t  we must suppose t h a t  t h e  gas i n  

t h e  c e n t r a l  p a r t s  of t h e  galaxy has been exc i ted  and dis turbed by t h e  explosion, 

t h e  absorption l i n e  measures alone must be used t o  determine t h e  recession 

ve loc i ty  of  t h e  center  of mass of the system and a l s o  t o  define t h e  r o t a t i o n  

of t h e  system as a whole. 

There is  

I n  f i t t i n g  t h e  r e s u l t s  of Mayall 's ro t a t ion  curve t o  those from our  

spectrum B 1197 i n  t h e  same pos i t ion  angle,  we have been able t o  examine a 

p r i n t  of one of Mayall 's  spec t ra  which he kindly loaned us, f rom which we 

could i d e n t i w  t h e  var ious b r igh t  areas whose c e n t r a l  measures provided h i s  

po in t s .  We have drawn a smooth curve through h i s  points ;  it i s  shown i n  Figure 

4. 

t h i s  i s  i n  good agreement with t h e  var ious c e n t r a l  v e l o c i t i e s  read o f f  our 

p l o t s  i n  othek. pos i t i on  angles passing through t h e  same b r igh t  H I1 region 

which we have taken t o  be t h e  ze ro  po in t .  From h i s  measures, Mayall himself 

deduced t h e  recession ve loc i ty  f o r  t h e  center  of t h e  galaxy t o  be +275 - *bO km/sec 

(uncorrected f o r  Galactic ro t a t ion ,  as a re  our p l o t s  i n  Figures 4 - 11 and t h e  

va lues  i n  Table 2 ) .  

We f ind  t h a t  t h i s  smooth curve crosses  our zero ax is  at +3OO km/sec, and 
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The recession v e l o c i t y  obtained from t h e  21-crn measures by Volders and 

Hsgbom i s  +lgO km/sec. As  they pointed out,  t h i s  v e l o c i t y  i s  s i g n i f i c a n t l y  

d i f f e r e n t  from the  value obtained by Mayall which has been confirmed by our 

measures. 

between the  recession v e l o c i t i e s  obtained from t h e  absorption l i n e  measures 

and t h e  21-em l i n e  measures, i f  it i s  supposed t h a t  t h e  t r u e  center  i s  about 

6oi1 t o  t h e  southwest of the  apparent center  (22 mm on Figure 2 ) .  

4 we see from Mayall 's measurements t h a t  on t h e  northeast  s ide of the  galaxy 

a maximum i s  reached i n  t h e  ro ta t ion  curve about 100" from t h e  assumed center  

Bnd t h a t  between 100" - 150" from the center  the  curve i s  f a l l i n g  o f f .  Our 

absorption l i n e  measures confirm t h i s  maximum. However, on t h e  southwest s i d e ,  

no corresponding minimum i s  observed i n  Mayall 's observatians.  It might be 

expected t h a t  t h e  underlying d i s t r i b u t i o n  of stars i s  symmetrical enough so 

t h a t  t h e  ro ta t ion  curve should show symmetry, If it were folded about t h e  

apparent zero i n  Figure 4, it would not be symmetrical, but i f  t h e  t r u e  center  

were s h i f t e d  t o  - -30" on t h a t  p l o t  and folded, g r e a t e r  symmetry would be 

achieved. Such a s h i f t  would imply t h a t  some of the  mass i s  completely 

obscured on t h e  southwest s ide of the galaxy. The apparent center  vhich we 

have chosen has been deduced t o  be the center  o f  mass because the  s t e l l a r  

continuum i s  very s t rong here.  However, there  a r e  wide v a r i a t i o n s  i n  t h e  

s t r e n g t h  of t h e  continuum i n  t h i s  galaxy and these a re  obviously due t o  the  

presence of la rge  amounts of  obscuring matter  and do not represent la rge  

l o c a l  mass f luc tua t ions .  Thus there can be no obvious reason t o  suppose t h a t  

i n  M 82 t h e  center  of mass and t h e  center  of l i g h t  a re  coincident.  

L Volders and H6gbom have pointed out tha t  agreement can be reached 

From Figure 

While these considerations can be used i n  support 02 t h e  idea t h a t  t h e  

v e l o c i t y  of t h e  center  of mass i s  n o t  well determined and t h a t  t h e  21-crn 

measures a r e  t o  be preferred,  it appears now t h a t  t h e  i n t e r p r e t a t i o n  of  t h e  
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21-cm observations a l s o  can be questioned. 

t h e  H I regions i n  f ront  o f  the  strong c e n t r a l  continuum radio source w i l l  

absorb, r a t h e r  than emit,  the  21-cm l i n e ,  thus d i s t o r t i n g  the  21-cm emission 

l i n e  p r o f i l e  from t h e  galaxy. She has  attempted t o  cor rec t  t h e  p r o f i l e  on 

t h e  assumption t h a t  t h i s  i s  occurring and has concluded t h a t  the  recession 

v e l o c i t y  i s  - +25O km/sec. 

o p t i c a l  recession ve loc i ty  which has been obtained by Mayall and ourselves.  

Elvius (1964) has suggested t h a t  

This i s  i n  reasonably good agreement with t h e  

Holmberg (1952) had e a r l i e r  suggested t h a t  the  recession v e l o c i t y  of M 82 

obtained by Mayall w a s  high when compared with the v e l o c i t i e s  of  the  other  

members of the  M 81 group, and he suggested t h a t  t h e  apparent cen ter  w a s  not 

the  t r u e  

argument 

reduc ing 

While it 

mass center  and t h a t  a component of r o t a t i o n  w a s  present .  This 

suf fe rs  from t h e  objection t h a t  t h e r e  i s  no a p r i o r i  reason for 

t h e  apparent v e l o c i t y  dispersion among t h e  galaxies  i n  t h e  M 81 group. 

i s  t r u e  t h a t  it i s  M 82 which appears t o  have a v e l o c i t y  r a t h e r  

d i f f e r e n t  from a l l  of t h e  other  members of the  group, it has been shown t h a t  

such e f f e c t s  a r e  present i n  o ther  small groups ( c f .  Conference on t h e  

I n s t a b i l i t y  of Systems of Galaxies, A. J . ,  66, 533, 1961). 

is  always t h e  p o s s i b i l i t y  t h a t  M 82 i s  not at the  sane distance as 

M 81, but l i e s  f u r t h e r  away Yrom us (see discussion i n  Section V ) .  

Further,  there  

Faced by a l l  of these  r a t h e r  uncertain arguments, we have a r b i t r a r i l y  

decided t o  base our discussion of the v e l o c i t y  f i e l d  on the assumption t h a t  

t h e  apparent cen ter  i s  very c lose ,  o r  coincident with,  t h e  center  assumed by 

Mayall. From Figure 4 we have concluded t h a t  t h e  recession v e l o c i t y  a t  t h e  

center  i s  about +3OO km/sec. While t h i s  i s  s l i g h t l y  higher  than t h e  value 

quoted by Mayall, t h e  difference i s  simply due t o  very s m a l l  s h i f t s  i n  the  

p o s i t i o n  of t h e  zero t h a t  w a s  assumed by Mayall and by ourselves,  and t o  the  

l e s s  s teep curve which we have drawn across t h e  center .  
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From t h e  smooth ro t a t ion  curve we can make a crude estimate of t he  mass 

of t h e  galaxy, taking i n t o  account t h e  many uncer ta in t ies  involved. If we 

assume t h a t  t h e  dis tance of M 82 i s  t h a t  o f  t h e  M 81 group f o r  which Lynds 

and Sandage (1963) give a modulus o f  27.5, t h e  dis tance i s  then 3.2 Mpc and 

' at th i s  dis tance 1" = 1 5 . 4  pc.  I f  t h e  smooth ro t a t ion  curve drawn i n  Figure 

4 is symmetrized by reading o f f  ve loc i t i e s  a t  equal dis tances  on e i t h e r  s ide  

of  t h e  center  and tak ing  means, it reaches a maximum at -110" from t he  center  

and then falls off very slowly out t o  -l5O" from t h e  center .  A Keplerian mass 

est imate  can be made by using t h e  mean ro t a t ion  ve loc i ty  at *1501' of 136 km/sec. 

This gives 

10 % = 1.0 x 10 Ma 

where we have supposed t h a t  the  plane of ro t a t ion  i s  t i l t e d  a t  an angle of 

8" 23' t o  t he  l i n e  o f  s igh t  (Lynds and Sandage 1963). 

A m a s s  determined by supposing t h a t  t he re  i s  a mass point  at t h e  cen te r  

i s  always an overestimate. 

t h a t  t h e  uniform spheroid approximation i s  t o  be prefer red .  

A second est imate  can be made i f  it i s  supposed 

This vi11 reduce 

t h e  mass t o  about 0.7 x lGl0 MG for a reasonable value o f  c /a .  

es t imate  (5urbidge 19627 was made on t h e  basis o f  t h e  same ro t a t ion  curve by 

assuming t h a t  it i s  t r u l y  l i n e a r  and by ex t rapola t ing  it beyond 150" from t h e  

cen te r  t o  t h e  end of t h e  luminous ex ten t  of t he  galaxy. Thus a l a r g e r  value 

of 1 . 5  x lo1' Ma w a s  obtained. The mass would a l so  be increased over t h e  

values  given above by supposing tha t  t h e  t r u e  center  w a s  displaced t o  t h e  

low-velocity '  s-ide. I n  view of the  many unce r t a in t i e s  associated with t h e  

An e a r l i e r  

c e n t r a l  ve loc i ty  which have been discussed 

t h e  geometry, we conclude t h a t  the mass i s  

10 1 * 0.5 x io M ~ .  

e a r l i e r  and t h e  unce r t a in t i e s  i n  
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IV. THE VELOCITY FlELD I N  THE GAS 

We now t u r n  t o  a discussion of t h e  ve loc i ty  f i e l d  i n  t h e  c e n t r a l  region. 

It w i l l  be seen t h a t  the  p l o t s  of our measures i n  Figures 4 - 11 show many 

asymmetries and i r r e g u l a r i t i e s .  To attempt t o  inves t iga te  the  non-circular  

motions i n  t h e  gas t h e  following procedure has been adopted. We have assumed 

t h a t  t h e  s t e l l a r  component of t h e  galaxy is  moving i n  purely c i r c u l a r  o r b i t s ,  

and have therefore  taken t h e  smooth curve drawn through Mayall 's  observations 

in. pos i t i on  angle 62O (Figure 4) t o  be t h e  ro t a t ion  curve o f  t h e  galaxy. 

folding t h i s  curve about t he  or igin and forming a mean of t h e  two s ides ,  we 

By 

have determined a mean ro t a t ion  curve. We have then pro jec ted  t h i s  curve 

i n t o  t h e  var ious pos i t i on  angles of our  observations,  assuming t h e  galaxy t o  

be a f l a t  disk,  with the  plane of t he  d isk  inc l ined  8" 23' t o  t h e  l i n e  of 

s i g h t .  

described above. We have then drawn smooth curves through the  var ious p l o t s  

We have taken t h e  center  of t h e  galaxy t o  be t h e  b r igh t  H I1 region 

i n  Figure 4 - 11, which de l inea te  the  - gas ve loc i ty ,  and a l so  through the  p l o t s  

i n  pos i t i on  angle 46" and 57?3 which a re  not shown. Veloc i t ies  were read 

o f f  t h e  sxmcth cumes at TEte-rvals; the ve loc i ty  zero  on t h e  hor izonta l  axis 

on each curve w a s  taken t o  be t h e  cen t r a l  ve loc i ty  appropriate t o  t h a t  spectrum 

(by t h i s  means cor rec t ing  each fo r  small systematic p l a t e - to -p la t e  e r r o r s ) .  

Figures 12  - 20 show these  smooth curves and a l s o  t h e  pro jec ted  ro t a t ion  curves, 

except t h a t  i n  pos i t i on  angle 155', f o r  which our measures extend over only a 

s m a l l  d is tance.  The differences between the  observed and pro jec ted  ro t a t ion  

curves i n  each case presumably indicate  t h e  non-circular  gas v e l o c i t i e s  t h a t  

a re  p re sen t .  

t h e  pro jec ted  v e l o c i t i e s  will be af fec ted  by only very s m a l l  amounts, bu t  t h e  

po in t  of i n t e r sec t ion  of t h e  emission l i n e  curve and t h e  pro jec ted  ro t a t ion  

curve w i l l  be a l t e r e d . )  

(If t h e  t r u e  center  o f  mass i s  displaced from t h e  adopted center ,  

For -position angles near  t h e  minor axis, 145' and O o ,  
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we have looked a t  a second model o f t h e  galaxy, a thick-disk galaxy, with a 

ro ta t ion  curve which , i s  independent of height above the  plane, and at  which we 

a r e  looking as though it were t h e  rth of a wheel. I n  pos i t ion  angle 0" , t h e  

resu l t ing  projected ro ta t ion  curve is almost indistinguishable from t h a t  for 

t h e  th in-d isk  model. 

d i f f e r  for each model and both a r e  p l o t t e d  i n  Figure 13. 

In  pos i t ion  angle 145" the  projected r o t a t i o n  curves 

In  pos i t ion  angles 46", 579 3, 62O, 6595, and 6 g 0 ,  the  nature of the  

departures of the  gas v e l o c i t y  from t h e  projected ro ta t ion  curve i s  such t h a t  

they may represent d e t a i l s  of t h e  ro ta t ion  curve t h a t  are not d i scern ib le  i n  

the  lower-resolution absorption-line measures. For instance,  the  s teeper  

slope across the  center  and t h e  humps are  reminiscent of t h e  c e n t r a l  d e t a i l s  

i n ,  e .g . ,  M 31. On going f u r t h e r  from t h e  major axis, however, t h e  departures 

show a systematic nature .  

I n  pos i t ion  angles 30" and 83", t h e  humps and s teep c e n t r a l  slope are 

more pronounced. In  pos i t ion  angle 145", t h e  l i n e  along which our observations 

l i e  d i d  not pass through t h e  "center" of t h e  galaxy but crossed tne  major 

a i s  SouthFjCSt of t h e  center .  This has been taken i n t o  account i n  pro jec t ing  

the  r o t a t i o n  curve. This p l o t  and t h a t  i n  pos i t ion  angle 0" (Figures 12 and 13) 

show departures t h a t  a r e  predominantly negative,  indicat ing v e l o c i t i e s  of  

approach with respect t o  t h e  observer. 

on t h e  northwest s ide  do pos i t ive  v e l o c i t i e s  occur. 

Only a t  la rge  dis tances  from the  center  

This i s  i n  agreement with 

the  general  concept of an explosion; t h e  galaxy i s  s o  opt ica l ly  %hick i n  dust 

t h a t  we see only t h e  near s ide u n t i l  we go a great  distance above t h e  plane.  

The v e l o c i t i e s  reach N 200 km/sec .in pos i t ion  angle O", and confirm t h e  general  

run of v e l o c i t i e s  observed by Lynds and Sandage and by us i n  t h e  d i rec t ion  o f  

t h e  minor ax is .  The d e t a i l s  of the v e l o c i t i e s  outside the main body of  t h e  

galaxy, as they r e l a t e  t o  a model for t h e  explosion, w i l l  be discussed i n  

Sect ion V I .  Here we s h a l l  b r i e f l y  consider t h e  v e l o c i t i e s  within t h e  main body. 
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A l l  the  curves except those i n  pos i t ion  angles 46" and 6g0 show an 

i n t e r e s t i n g  fea ture ,  i . e . ,  dips i n  v e l o c i t y  on e i t h e r  s ide  of the  c e n t r a l  

zero value,  reaching minima about 20" - 30" o r  300 - 450 pc from the  center .  

The la rge  bulk of gas and dust lying near the  equator ia l  plane must have 

caused grea t  damping and deceleration of t h e  outward explosive pulse i n  

d i rec t ions  close t o  t h i s  plane. 

abscissae i n  Figures 4 - 9, 12, 14 - 2 0 ) ,  t h e  outward ve loc i ty  has presumably 

been d iss ipa ted  completely, perhaps leading t o  a t r a n s f e r r a l  of  k i n e t i c  t o  

exc i ta t ion  energy t h a t  causes t h a t  gas t o  appear p a r t i c u l a r l y  b r i g h t ,  i n  both 

continuum and l i n e  rad ia t ion .  

I n  t h e  b r i g h t e s t  H I1 region (zero of t h e  

In  pos i t ion  angle 83", the b i g  ve loc i ty  minimum 1811 southwest of the  

center  occurs r igh t  i n  t h e  very prominent dust lane (see Figure 1). Where 

there  i s  prominent dust ,  there  may be cooler temperatures and we should be 

looking l e s s  deep i n t o  t h e  galaxy. 

pos i t ions  would have g r e a t e r  outward v e l o c i t i e s  than gas c loser  t o  the  center .  

An examination of Figures 6 - 9 indicates  t h a t  t h i s  may be the  case: there  i s  

a tendency for t h e  dips  ( i . e . ,  regions of more negative ve loc i ty)  i n  t h e  

observed ve loc i ty  curves t o  occur jus t  where the  observed continuum stops and 

On t h e  explosion model, t h e  gas a t  these 

the  dust lanes  begin. 

of t h e  radio galaxy NGC 5128 (Burbidge and Burbidge 1959), where la rge  ve loc i ty  

A s imi la r  phenomenon w a s  observed i n  the  observations 

f luc tua t ions  occurred i n  regions of t h e  dark lanes .  

t There may be an analogy a l s o  with the  c h a r a c t e r i s t i c  dust lanes  i n  barred 

s p i r a l s  (PreQdergast 1961;). 

Prendergast ' s  computed models show discont inui t ies  i n  t h e  gas densi ty ,  i . e . ,  

where there  are shock f ronts .  I n  barred s p i r a l s ,  t h e  dust may serve as a 

Here the dust lanes  tend t o  be formed where 

marker f o r  regions of high densi ty  ( i f  the  r a t e  of  formation of dust  depends 

on t h e  gas dens i ty) .  Continuity of momentum across t h e  f ront  means t h a t  t h e r e  
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should be a discont inui ty  i n  veloci ty  at t h e  f ront .  That shocks should 

propagate when we have non-circular v e l o c i t i e s  amounting t o  g r e a t e r  than 

100 lm/sec, i s  o'dvious. 

t i n u i t i e s  i n  ve loc i ty  i n  M 82, these could be present ,  and there  may a l s o  be 

Although we have not measured any abrupt discon- 

f i n e  s t ruc ture  i n  the  ve loc i ty  f i e l d ,  which we cannot resolve on our spectra .  

The considerable breadths of the emission l i n e s  of Ha and [ N  111 i n  our Lick 

spectrogram, which w a s  taken i n  not p a r t i c u l a r l y  good seeing ( i . e . ,  t h e  seeing 

d isk  w a s  about 

i n  the  ve loc i ty  f i e l d .  

seconds of  a r c ) ,  support t h e  p o s s i b i l i t y  of f ine  s t r u c t u r e  

V. STELLAR POPULATION OF M 82 

In  e a r l i e r  papers we have commented t h a t  t h e  s t e l l a r  component i n  M 82 

showed differences i n  s te l lar  population from one p a r t  of the galaxy t o  another 

(Burbidge 1962b, Burbidge and Bur'oidge 1962) .  I n  p a r t ,  we ar r ived  at t h i s  con- 

c lusion from observation of the abrupt switch from an emission-line spectrum 

near t h e  center  t o  an absorption-line one f u r t h e r  out; across t h i s  dividing 

l i n e  t h e  general Lgpearanae of  the galaxy on blue photographs shows no real 

change; i n  particiular,  t h e  amount o f  6ust i n  en iss ioc- l ine  and absorption-line 

regions appeared about t h e  same. This suggested t o  us t h a t  the  amount of 

mater ia l  uncondensed i n t o  stars was t h e  same and t h a t  the  only difference 

might be t h a t  i n  one region the  gas w a s  ionized and w a s  exci ted i n t o  H I1 

regions,  and i n  t h e  adjacent region it w a s  no t .  We in te rpre ted  t h i s  t o  be due 

t o  t h e  presence of unseen massive 0 and B stars near the  center  and t h e i r  

absence elsewhere. 

p a r t i c u l a r l y  t h e i r  photographs i n  H& l i g h t )  t h a t  the  abrupt change from an 

ionized t o  an unionized region i s  due t o  t h e  supply of energy from t h e  explosion 

Now it i s  c lear  from t h e  work of Lynds and Sandage (see 

i n  t h e  former and i t s  d iss ipa t ion  in the  uncondensed material, u n t i l  at  a cer- 

t a i n  dis tance from t h e  s e a t  of t h e  explosion t h e  energy supply i s  i n s u f f i c i e n t  
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t o  ionize t h e  hydrogen. 

However, t h e  differences i n  absorption-line spec t r a  which we noted i n  

1961 have s t i l l  t o  be accounted for .  

B 920, running from t h e  cen te r  t o  the northeast  end of t h e  galaxy, we f i n d  a 

s p e c t r a l  type o f  A2-5 t o  be cha rac t e r i s t i c  of  t h e  extended b r i g h t  area running 

from 25" t o  65-1~ northeast  of  t h e  center .  W e  cannot be more p rec i se  than t h i s ,  

as our  spectrum i n  t h e  photographic region had a dispers ion of only 400 A / m ,  

bu t  t h i s  is  i n  agreement with Humason's quoted type of A5 (Humason, Mayall, and 

Sandage 1956). However, even on t h i s  dispers ion it i s  p l a i n  t h a t  i n  t h e  b r i g h t  

area 100" t o  130" northeast  o f  t h e  cen te r  ( i . e . ,  j u s t  beyond t h e  s t rong dus t  

b a r s  about 70" from t h e  center )  the s p e c t r a l  type i s  l a t e r .  

of  C a  I1 are stonger w i t h  respect t o  t h e  hydrogen l i n e s ,  and t h e  G band i s  

c l e a r l y  seen. A type around F 0 - F 2 i s  more appropriate here .  It might be 

thought t h a t  a systematic difference could a r i s e  i n  judging s p e c t r a l  type i n  

these two regions on one spectrurn because t h e  region nearer  t h e  cen te r  i s  

b r i g h t e r  and hence more intensely exposed. Zowever, w? have made a ca re fu l  

comparison of  t h i s  s t r i p  on t h e  shoirter-exposure spectrum B 1197 with t h e  

fur ther-out  st i- lp on B 920; it happens t h a t  t h e  photographic densizy of  t h e  

two regions i s  about -;he sane on these two spec t ra ,  and t h e  difference i n  

On our spectrum with t h e  longest exposure 

The H and K l i n e s  

in t eg ra t ed  s p e c t r a l  type seems t o  be r e a l .  

This implies t h a t  more massive stars, fu r the r  up the main sequence, are 

present  i n  t h e  s t e l l a r  population c l o s e r  t o  t h e  cen te r  of t h e  galaxy than 

f u r t h e r  ou t ,  a su rp r i s ing  result. 

seen i n  M 81 and, according t o  Sandage, not i n  M 82) i s  a Turther puzzle.  

Usually t h e  presence of l a rge  quan t i t i e s  of  dust  i n  a galaxy i s  c lose ly  co r re l a t ed  

with t h e  exis tence of young, massive 0 and B stars i n  a s soc ia t ion  with it (Baade 

1950). 

M 82 may w e l l  a f f ec t  t h e  conditions f o r  s tar  formation, t h i s  should no t ,  i f  t h e  

Yne absence of resopTed stars (which are 

. .  

Although t h e  input of k i n e t i c  energy i n t o  t h e  uncondensed material of  
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explosion occurred only a few mill ion years  ago, have a not iceable  e f f e c t  on 

t h e  present  stellar luminosity function except f o r  t h e  most massive 0 and B 

stars; late type supergiants and A supergiants should s t i l l  be present .  

It is possible  t h a t  t he  recent explosion is  not t h e  only outburst  t h a t  

has occurred i n  M 82. 

a prominent feature of radio galaxies and the radio emission is  a long-standing 

puzzle ( c f .  Burbidge and Burbidge 1964). It i s  poss ib le  t h a t  quan t i t i e s  of dust  

are produced i n  explosive events,  but t h a t  t he  dust clouds cannot serve as seats 

of  star formation u n t i l  t h e i r  k ine t i c  energy has been d iss ipa ted .  

The physical  connection between t h e  dust which i s  of ten  

The absence of  resolved stars i n  M 82 might be due t o  i t s  being fu r the r  

away than M 81, and phys ica l ly  unconnected with it. This would provide an 

explanation f o r  t he  ve loc i ty  difference between M 81 and M 82, discussed i n  

Sect ion 111. 

is an irre 'gular containing much dust and having a s t rong emission-line spectrum; 

it bears  some resemblance t o  M 82 .  

two objec ts  were phys ica l ly  unconnected and only by chance l i e  i n  the  same area 

of the sky. 

that t h e  absence of resolved stars i n  it has t o  be a result of i t s  nature .  

However, one of t h e  other  members of  t h e  M 81 group, NGC 3077, 

It would be a s t range coincidence i f  these  

We th ink  it more l i k e l y  that  M 82 i s  a p a r t  of t he  M 81 group, so 

V I .  IITI'ERP~TATION OFVELOCITY FIELD; TIHE SCALE 

ASSOCIATED WITH THE PRIMAFX OUTBURST 

We now consider t h e  bear ing of these  results on current  ideas concerning 

These authors  t h e  state of M 82 stemming from the work of Lynds and Sandage. 

b concluded t h a t  the explosion took place 1 . 5  x 10 

r ived  by supposing t h a t  t h e  expansion caused by t h e  explosion followed a l i n e a r  

veloci ty-dis tance r e l a t i o n  between t h e  l ine-of -s ight  ve loc i ty  and t h e  plane-of- 

the-sky dis tance.  Our study of the  ve loc i ty  f i e l d  . i n  t h e  d i r ec t ion  of t h e  minor 

axis, which is b e s t  shown by Figures 5, 10, 12, and 13, shows t h a t  a l i n e a r  

years  ago; t h i s  time w a s  de- 
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approximation t o  t h e  veloci ty-dis tance r e l a t i o n  i s  too  coarse.  The curves 

show t h a t  t he re  a re  considerable i r r e g u l a r i t i e s  i n  t h e  ve loc i ty-d is tance  

r e l a t i o n  within t h e  main body of the galaxy, bu t  t h a t  i f  a s t r a i g h t  l i n e  i s  

drawn through these  v e l o c i t i e s ,  t he  slope i s  much smaller than t h a t  derived by 

Lynds and Sandage by approximating the  whole run of ve loc i ty  by a l i n e a r  r e l a t ion ,  

while t h e  slope outs ide t h e  main body is s t eepe r  than t h e i r  average. The 

o r i en ta t ion  o f  M 82 w a s  derived by Lynds and Sandage from t h e  a x i a l  r a t i o ,  by 

assuming the  galaxy t o  have an i n t r i n s i c  a x i a l  r a t i o  of 1/10. Any assumption 

t h a t  t h e  t r u e  a x i a l  r a t i o  is  l a r g e r  than 1/10 gives smaller values  of t h e  angle 

between l i n e  of s igh t  and pr inc ipa l  plane,  and t h e  t r u e  axial r a t i o  can hardly 

. be smaller than 1/10 ( i f  t h e  galaxy were an i n f i n i t e l y  t h i n  d isk ,  t h e  angle 

would be 10'). 

On t h e  assumption that t h e  e j ec t ion  has taken place only i n  a d i r ec t ion  

perpendicular t o  the  p r inc ipa l  plane of t he  galaxy, t h e  cor rec t ion  f ac to r s  for 

tu rn ing  pro jec ted  d is tance  d '  i n t o  t r u e  dis tance d,  and l ine-of -s ight  ve loc i ty  

v '  i n t o  t r u e  ve loc i ty  v a re  d = 1.01 d' and v = 6.86 v'. These a re  t h e  

f ac to r s  which were used by Lynds and Sandage i n  der iving t h e  time sca l e  of t h e  

explosion from a l i n e a r  veloci ty-dis tance r e l a t ion .  Since t h e  l a r g e s t  apparent 

e j e c t i o n  v e l o c i t i e s  which we see are - 230 km/sec, t h i s  would imply t h a t  t h e  

fu r thes t  material i s  moving with a t r u e  ve loc i ty  of  about 1500 km/sec. 

However, our observations suggest t h a t  t h i s  simple p i c tu re  of  gas streaming 

out  only i n  a d i r ec t ion  perpendicular t o  the p r inc ipa l  plane cannot be co r rec t .  

The reasons f o r  t h i s  a re  as follows: F i r s t l y ,  spectroscopic observations at  

g rea t  d i s tances  from t h e  pr inc ipa l  plane i n  the pos i t i on  angles 145" and 0' 

show strong Ha, and [ N  111 emission which ce r t a in ly  i s  associated with t h e  ex- 

p los ion .  

least 20°, with the vertex near  t h e  cen te r  of t h e  galaxy. The Ha, photographs of 

Lynds.and Sandage confirm t h e  presence of gas i n  a roughly cone-shaped region. 

. 
Hence, t h e  gas must be d i s t r ibu ted  over a cone of half-angle  o f  at 
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Secondly, i f  t h e  gas ve loc i ty  is only along t h e  minor ax is ,  then i n  p o s i t i o n  

angles 145' and 0' at great  distances from t h e  plane,  l a rge  negative v e l o c i t i e s  

( w i t h  respect t o  the  center)  would be observed on t h e  south side where the  

minor ax is  i s  t i l t e d  toward the  observer, and equally la rge  pos i t ive  v e l o c i t i e s  

would be seen on the  north s ide .  However, no la rge  pos i t ive  v e l o c i t i e s  are 

seen. 

from t h e  or ig in .  

I n  pos i t ion  angle 145' the v e l o c i t i e s  are negative t o  a dis tance of 80" 

As an a l t e r n a t i v e  model we therefore  propose t h a t  the  region containing 

t h e  fi laments i s  a s o l i d  double cone of half-angle about 20°, with the  a x i s  

of t h e  cone a p p r o x ~ a t e l y  along the minor ax is  of M 82. 

adopt pos i t ion  angle 160' which i s  mid-way between 140" and O o ,  as t h e  major 

ax is  of t h e  cone. The ver tex of the cone i s  i n  t h e  general  region o f  t h e  center  

of t h e  galaxy but  it cannot be determined prec ise ly .  We assume t h a t  t h e  cone 

We s h a l l  a c t u a l l y  

i s  o p t i c a l l y  t h i c k  enough i n  t h e  l i n e  rad ia t ion  so  t h a t  we do not see more 

than the  f ront  l a y e r s .  

t o  t h e  plane of t h e  sky, the  conical region f i l l e d  by t h e  filaments w i l l  

Because the minor axis of M 82 i s  incl ined a t  about 8' 

extend (20' -8') or 12O toward the observer on t h e  north s ide of the  galaxy, 

where the  minor ax is  i s  point ing away, and (20' + 8 O )  o r  28O toward the  observer 

on t h e  south s ide of the-galaxy.  This model i s  sketched i n  Figure 21. A t  t h e  

g r e a t e s t  dis tances  from t h e  center, t h e  fastest moving mater ia l  i s  moving more 

o r  less along t h e  axis of t h e  cone. 

We now examine t h e  v e l o c i t i e s  which would result from such a model. We 

assume t h a t  t h e  gas i s  moving rad ia l ly  from t h e  o r i g i n  with t r u e  v e l o c i t i e s  v (r) 

which are s i m i l a r  i n  t h e  north and t h e  south p a r t s  of t h e  cone. Then, i n  the  

south,  t h e  observed l ine-of-s ight  v e l o c i t i e s ,  v '  (r),  w i l l  be t h e  filament 

v e l o c i t y  projected through t h e  angle (90" - 12O). Hence we may w r i t e :  
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cosec 12' = v t  cosec 28".  ("north 

Thus on t h i s  model, the l ine-of-s ight  v e l o c i t y  f o r  the  filaments on the  south 

s ide should be about twice the l ine-of-s ight  ve loc i ty  of t h e  fi laments on the 

north just because o f  the  or ientat ion of the  cone and the observer. 

We now examine t h e  v e l o c i t i e s  i n  pos i t ion  angle 0" .  A t  90" north of t h e  

or ig in ,  the v e l o c i t i e s  are pos i t ive  coming from gas a t  A (Figure 21). 

B(-!3O") t h e  observed l ine-of -s ight  ve loc i ty  i s  zero, and at C ( - 7 O " )  it has 

decreased t o  about -40 km/sec. 

A t  

The observed ve loc i ty  then i s  approximately 

constant a t  t h i s  negative value u n t i l  it r i s e s  sharply a t  about -20". 

point  corresponds t o  D, where t h e  gas i n  the  p r i n c i p a l  plane of the galaxy i s  

obscuring the  cone. A t  t h e  o r i g i n  E the observed ve loc i ty  i s  zero. From t h e  

This 

o r i g i n  toward the  south, the  v e l o c i t i e s  decrease sharply as t h e  observed 

v e l o c i t i e s  come from t h e  foreground cone, which i s  obscuring t h e  disk of the 

galaxy. 

t h e  s i t e  of  t h e  i n i t i a l  disturbance. 

Material  with g r e a t e r  ve loc i ty  i s  observed a t  a g r e a t e r  distance from 

I n  t h e  regions between -20" and -60rr, and between +20" and +60rt, the 

observed v e l o c i t i e s  come from'the near s ides  of t h e  cone. The v e l o c i t i e s  

observed on the  south are about 3 times l a r g e r  than those observed on t h e  nor th  

s ide,  i n  good agreement with t h e  model. 

observed p o s i t i v e  v e l o c i t i e s  may come from gas moving along t h e  minor axis, we 

A t  the  extreme north,  where t h e  

may compute t h e  t r u e  v e l o c i t y  o f  the gas: 

v (y = -7011) = 65 cosec 8" = 470 km/sec. 

If we suppose t h a t  the  corresponding observations of t h e  south come from t h e  

foreground cone then 

v (y = +70tt) = 200 cosec 28" = 430 km/sec. 
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Even from these very general arguments it seems c l e a r  t h a t  t h e  cone 

occupied by t h e  filaments cannot have a half-angle i n  the  d i rec t ion  oI" the  

observer t h a t  i s  much grea te r  than 20°, f o r  then the v e l o c i t i e s  north of the  

nucleus would be more negative, almost as negative as those on the  south s ide .  

It i s  possible ,  however, t h a t  t h e  filaments could occupy a fan-shaped region, 

with an angular extent  across t h e  l ine-of-s ight  g r e a t e r  than t h e  20° i n  the  

l ine-of-s ight .  

here.  

However, such a model would not a l t e r  the conclusions reached 

Using t h i s  model we can now attempt t o  der ive a new time sca le  f o r  t h e  

f i r s t  explosion i n  t h e  galaxy. The form of t h e  expansion curves which a re  

' shown b e s t  i n  Figures 12 and 1 3  i s  now in te rpre ted  as follows: 

t h e  curve between N *3O" from t h e  center represents motions i n  the  main body 

of t h e  galaxy (perhaps remnants o f  the expansion which have suffered la rge  

decelerat ions)  while the  l i n e a r  par t s  of t h e  curve beyond +301' and -30" show 

expansion i n  t h e  cones both above and below t h e  main body of the  galaxy. 

can roughly be represented by re la t ions  of  t h e  form 

The p a r t  of 

These 

d (v) = kv 

where d i s  t h e  t r u e  distance of a par t  of a fi lmenta-ry st-ructure from t h e  

center  of expansion and v i s  the  t rue space v e l o c i t y  of t h i s  f i lament.  

a roughly l i n e a r  r e l a t i o n  i s  obeyed it i s  c l e a r  t h a t  decelerat ion i n  t h i s  region 

can be neglected. 

projected i n  f r o n t  of t h e  galaxy, i . e . ,  on t h e  negative v e l o c i t y  s i d e ,  t h e  

apparent slope of the  l i n e a r  p a r t  of t h e  curve i s  about 4 km/sec p e r  second of 

a rc .  

Since 

From Figures 1 2  and 13  we see t h a t  i n  t h a t  p a r t  of the  cone 

Our i n t e r p r e t a t i o n  of the  curves implies t h a t  a t  dis tances  2 30" from t h e  

center  t h e  products of t h e  explosion move out from t h e  "surface" of t h e  galaxy. 

From t h e  s i te  of t h e  explosion out t o  t h i s  point  depeleration has been due both 
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. 

. 

t o  grav i ta t iona l  e f f e c t s  and t o  in te rac t ion  with uncondensed mater ia l .  A 

po in t  on t h e  surface can then be considered as t h e  o r i g i n  of the  f u r t h e r  

expansion. The t o t a l  time since the explosion i s  then given by 

T = (t + k - l )  

where t is the time taken f o r  t h e  f a s t e s t  mater ia l  t o  t r a v e l  from the  explosion 

center  t o  the  "surface" o f  t h e  galaxy. 

We first derive k. We s h a l l  consider only the  mater ia l  i n  the  cone 

t i l t e d  toward us (on t h e  negative side) since it has been shown above t h a t  t h e  

geometry of t h i s  model derived by considering motions above and below the  plane 

i s  s a t i s f a c t o r y .  Then since 

d = d' sec 28' = 1.13 d,' , 

v = v* cosec 28' = 2.13 v' , 

X 

where t h e  slope of a l i n e a r  r e l a t i o n  i s  x km/sec p e r  second of a r c .  For 

b x = 4, k = 2 X 10 years .  

Y'o make an estimate o f  t i s  more d i f f i c i l t .  It i s  c l e a r  t h a t  there  must 

have been a tremendous amount of deceleration of  the  mater ia l  as it passed 

through the  d isk  of t h e  galaxy. 

an estimate of an upper l i m i t  f o r  t based on t h e  t r u e  space ve loc i ty  of t h e  

f u r t h e s t  out (and f a s t e s t  moving) gas which i s  seen. 

we have used, i s  about 450 km/sec. 

time t o  t raverse  about 450 pc at 450 km/sec which i s  - 10 

However, s t r i c t l y  speaking, we can only make 

This, with the  geometry 

Thus, an upper l i m i t  on t h i s  time t i s  t h e  

6 years .  Thus 

6 T = (t + k-l) < 3 x 1 0  years .  

I f  gas very much f u r t h e r  out i s  detected t h e  value o f  T must be reduced. Our 

conclusion, based on t h i s  model, i s  t h a t  

6 6 
2 x 10 < T < 3 x 10 years .  
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I f  we returned t o  the  assumptions of Lynds and Sandage, the  corresponding age 

would be 0 .6  x 10 However, we have explained e a r l i e r  

t h a t  t h i s  l a t t e r  model i s  inconsistent with our observations. It should be 

s t ressed  t h a t  on our in te rpre ta t ion  of  the  observations we are  looking only 

a t  t h e  front  surfaces of  t h e  cone of exploded gas. 

stand how t h i s  could be t r u e  unless t h e r e  were a tremendous amount of dust 

embedded i n  the  gas and p a r t  o f  t h e  e jec ted  mater ia l .  It i s  reasonable t o  

suppose t h a t  t h i s  i s  t h e  case because much dust must have been e jec ted  from 

t h e  plane.  

6 6 < T < 1 x 10 years. 

It i s  d i f f i c u l t  t o  under- 

V I I .  ENERGETIZS OF THE EXPLOSION (S) 
' 

Clear evidence e x i s t s  t h a t  an outburst  took place i n  M 82 between 2 and 

6 3 x 10 years ago. It is  possible  t h a t  outbursts with much sho:rter c h a r a c t e r i s t i c  

time sca les  have taken place i n  the  intervening period and are  s t i l l  taking 

place a t  t h e  present time. However, t h e  evidence f o r  t h i s  i s  ambiguous o r  

i n d i r e c t  and it i s  r e l a t e d  closely t o  consideration of t h e  energet ics  of the  

gala,xy as a whole. We s h a l l  attempt now t o  discuss some aspects ol" these 

energe t ics .  

As w a s  pointed out e a r l i e r ,  there a r e  i r r e g u l a r i t i e s  i n  the  v e l o c i t y  curves 

which a re  associated with the  cent ra l  region of the  galaxy and which have 

c h a r a c t e r i s t i c  s i z e s  of about 50 km/sec and sca les  of about 100 pc.  Such sca les  . 
6 would imply times N 2 x 10 years ,  so they s t i l l  could be remnant motions associ-  

a ted  with one outburst  which blew mater ia l  out t o  great  distances from the  plane,  

though they might a l s o  be decelerated motions associated with l a t e r  explosions. 

The ionized gas which cools through emission of Ha, and t h e  forbidden l i n e s  

4 
of [ N  111 and [0 111 has a charac te r i s t ic  cooling time of l o 3  - 10 

Consequently it must be continuously reheated. 

t h a t  t h i s  must take  place through absorption of synchrotron rad ia t ion  from 

years .  

Lynds and Sandage have suggested 
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beyond the  Lyman l i m i t .  A second process which may a l s o  be important i s  

co l l i s iona l  exc i t a t ion  due t o  a f l w  of  low energy p a r t i c l e s  (Burbidge, Gould, 

and Pottasch 1963). 

of p a r t i c l e s  which e i t h e r  must have l i f e t imes  2 2 - 3 x 10 years and thus  

Both of these processes require the  presence OY f luxes 

6 

have or iginated i n  the  f i r s t  outburst, o r  e l s e  must have been re-accelerated 

o r  produced i n  l a t e r  outbursts .  

We now consider i n  more d e t a i l  t he  flux of  r e l a t i v i s t i c  p a r t i c l e s  i n  M 82. 

The galaxy i s  a weak synchrotron source by v i r t u r e  o f  i t s  radio emission and 

Lynds and Sandage argued t h a t  t h e  polar iza t ion  of t h e  op t i ca l  continuum 

radia t ion  observed by Elvius and Hal l  ind ica tes  t h a t  it i s  a s t rong o p t i c a l  

synchrotron source. However, Mrs. Elvius  (1962) suggested t h a t  t h e  po la r i -  

za t ion  might w e l l  be due t o  sca t te r ing  by t h e  dus t .  More recent ly  Sandage and 

Mil ler  (1964) have shown t h a t  an exceedingly high degree o f  po lar iza t ion  i s  

present i n  t h e  continuum radia t ion  from filaments near  t o  the  main body o f  

the  galaxy and such a la rge  m o u n t  of polar iza t ion  (> 50%) gives conclusive 

proof t h a t  it i s  synchrotron radiat ion.  The following discussion o f  t h e  

energet ics  o f  t he  explosive mechanism i n  M 82 degends on our accepting t h e  

view t h a t  a la rge  p a r t  o f  the  cpt lx .1  continu'm f1.m i s  synzhrotron rad ia t ion .  

The t o t a l  energy i n  the  electrons which is  required t o  explain the 

synchrotron f lux  has been calculated by Sandage and Lynds. It i s  

' 

and t h e  t o t a l  energy i n  t h e  magnetic Yield i s  

Following a suggestion of Spi tzer ,  Lynds and Sandage obtained an e s t i n a t e  

o f  the t o t a l  energy i n  t h e  pa r t i c l e s ,  by assuming t h a t  t he  e lec t rons  had ha l f -  

l i v e s  against  rad ia t ion  such t h a t  
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where T i s  the  age of the  explosion. The philosophy behind t h i s  approach 

is  t h a t  it attempts above a l l  t o  minimize the  energy requirements by ignoring 

t h e  possible  presence of a proton flux, and by supposing t h a t  the  electrons 

which were produced i n  a s ingle  outburst are s t i l l  able t o  rad ia te  the  observed 

f luxes of op t i ca l  and radio radiation. Since 

8.35 x years tl = - 
2 Hf E 

A 

where E is  measured i n  Bev and 

14 t h i s  means t h a t ,  f o r  t he  o p t i c a l  synchrotron radiat ion,  (vc M 6 x 10 

E = 5 .4  x 10l2  ev and H, = 1 .2  x 10 

c / s )  

-6 . gauss. Then t h e  t o t a l ’  energies i n  

p a r t i c l e s  and f i e l d  a re  

= 2.6 x ergs  lER 

and 

% = 1 . 3  x ergs .  

Thus t h e  bulk of the energy of t he  explosion has been released i n  the  

form of k ine t i c  energy of gas and u l t r a - r e l a t i v i s t i c  e lec t rons  (even the  lowest- 

energy e lec t rons  responsible f o r  radio rad ia t ion  at 100 Me have energies of 

-5 Bev). A negl igible  f r ac t ion  i s  contained i n  magnetic f i e l d  energy. 

two. o p t i c a l  synchrotron sources which a re  known, t he  Crab Nebula (Oort and 

In  the  o the r  

Walraven 1956, Woltjer 1958, Burbidge 1958) and the  j e t  i n  M 87 (Shklovshy 1955, 

Burbidge 1956) r a the r  d i f fe ren t  conditions a re  thought t o  p reva i l .  In  the  Crab 

a number of arguments have l e d  t o  the conlusion t h a t  the  magnetic f i e l d  has a 

s t rength  somewhere i n  the  range 5 x - gauss so  t h a t  the  ha l f - l i ves  of 

t he  range 40,000 - 50 years are involved. I n  each of these cases it i s  c l ea r  

t h a t  t h e  time sca les  f o r  the  decay of t h e  o p t i c a l  e lec t rons  a re  much shor te r  

than t h e  time sca les  associated with t h e  explosive phenomena as they can be 



derived from o p t i c a l  and radio astronomical arguments. Thus it has been con- 

cluded t h a t  in these  cases the re  must be a continuing generation o f  e lec t rons  

e i t h e r  through re-accelerat ion processes o r  by successive outburs t s .  

po in t  of view has been taken f o r  M 87 by Shklovsky and more general ly  by 

Burbidge , Burbidge , and Sandage (1963) . 

This 

We be l ieve  t h a t  such conditions of continuous a c t i v i t y  are probably a l s o  

present  in M 82. As an example of d i f f e r e n t  energy conditions which a re  com- 

p a t i b l e  with t h e  observations we consider a s i t u a t i o n  i n  which it i s  supposed 

t h a t  t he re  i s  equ ipa r t i t i on  between t h e  magnetic energy and p a r t i c l e  energy. 

It is unreasonable t o  suppose t h a t  t he re  i s  no proton f lux,  so  l e t  us suppose 

t h a t  t h e  t o t a l  energy i n  t h e  protons i s  j u s t  equal t o  t h a t  i n  t h e  e l ec t rons .  

Then we f i nd  t h a t  t h e  t o t a l  energy i n  p a r t i c l e s  and magnetic f i e l d  i s  about 

4 ergs  and the  ha l f - l i ves  of the o p t i c a l  e lec t rons  are  about 10 years .  

. In  t h i s  case,  at l e a s t  200 generations of e lec t rons  must have been produced. 

This would imply t h a t  t h e  t o t a l  energy which has been generated i n  t h e  p a r t i c l e s  

is  at least 1057 ergs .  

The d iv i s ion  i n  energy between protons and e lec t rons  depends c lose ly  on 

t h e  i n i t i a l  conditions i n  which the p a r t i c l e s  are produced. 

e lec t rons  are in j ec t ed  i n i t i a l l y  with non- re l a t iv i s t i c  energies  and a re  

I f  protons and 

acce lera ted  i n  a Fermi-type process it i s  very hard t o  avoid t h e  conclusion 

t h a t  t h e  energy i n ' t h e  proton flux must exceed tha t  i n  the  e l ec t ron  flux af ter  

t h e  acce lera t ion  is  complete. The loss processes are through nuclear  c o l l i s i o n s  

and escape fo,r t h e  proton flux, and through synchrotron loss  for t h e  e l ec t ron  

f lux .  Since synchrotron l o s s  is a much more powerful mechanism of energy l o s s  

f o r  an  e l ec t ron  than nuclear  co l l i s ion  is  f o r  a proton, t h e  proton-electron 

energy r a t i o  must increase unless the escape times of t h e  protons are comparable 

with t h e  synchrotron ha l f - l i ves  of t h e  e l ec t rons .  
* 
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* 
The h a l f - l i f e  of a 1000 Bev e lec t ron  moving i n  a f ie16  of l o m 5  gauss i s  

4 8 x 10 

nuclear  c o l l i s i o n  i n  a gas of density 1 atom/cm3 i s  about 3 x 10 

years ,  while t h e  m e a n  l i f e  of a proton with t h e  same energy against  

7 years .  If 

a proton i s  t o  escape i n  a time comparable with the  h a l f - l i f e  against  rad ia t ion  

of t h e  e lec t ron ,  then it must t r a v e l  a dis tance of only about 25 kpc t o  escape. 

Thus as far as t o t a l  energy in  t h e  outburst  i s  concerned t h i s  mechanism of 

production of p a r t i c l e s  ( in j ec t ion  a t  non- re l a t iv i s t i c  energies  followed by 

Fermi acce lera t ion)  seems t o  imply t h a t  far more energy w a s  gained and re ta ined  

by t h e  protons.  Whether they are s t i l l  present  i n  t h e  galaxy i s  another question. 

To minimize t h e  energy i n  the  p a r t i c l e s  t o  about 2 x ergs as w a s  done 

by Lynds and Sandage would seem t o  imply t h a t  they were in j ec t ed  i n  an i n i t i a l  

explosion o r  i n  a series of outbursts  already at r e l a t i v i s t i c  energies  and by 

a process t h a t  discr iminates  against  protons.  

numbers of pos i t rons  and e lec t rons  were in jec ted  t o  maintain charge conservation. 

The only process which has been proposed which might give rise t o  such e f f e c t s  

involves t h e  g rav i t a t iona l  col lapse of a la rge  mass and t h e  in j ec t ion  of 

p a r t i c l e s  at very high i n i t i a l  energies corresponding t o  t h e  Fermi l e v e l s  a t  

excessively high dens i t i e s  (7 lo3' gm/cm ) ( c f .  Hoyle and Narl ikar  1964; Hoyle, 

Fowler, Burbidge, and Burbidge 1964). Even under these  conditions we would not 

This would mean t h a t  equal 

3 

expect t o  ge t  highly e f f i c i e n t  accelerat ion t o  these  l e v e l s  but  would propose 

r a t h e r  t h a t  somewhat lower energy fermions are produced s o  t h a t  again many 

generat  ions aqd continuous a c t i v i t y  would be involved. 

I n  any of these  revised models t he  t o t a l  energy input i n  t h e  last  . 
6 2 x 10 years  must be considerably higher than the  minimum obtained on the  

assumption t h a t  only a s ingle  outburst  occurred. The minimum energy i n  

p a r t i c l e s ,  if we suppose t h a t  multiple outbursts  are involved, i s  probably 

about ergs and l a r g e r  values are e n t i r e l y  poss ib le .  On t h e  o ther  hand, 
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t h e  k i n e t i c  energy of t h e  filamentary s t r u c t u r e  was es-cimated by Lynds and 

Sandage t o  be abou-c 2 .4  x 10 

used would reduce t h i s  because the t r u e  space v e l o c i t i e s  i n  our model a re  lower. 

55 e r g s .  The geometrical model which we have 

I The reduction i n  the  k i n e t i c  ener,q of t h e  filaments i s  p r a c t i c a l l y  a f a c t o r  

of 10.  However, we bel ieve t h a t  much dust has been e jec ted  i n  t h e  explosion 

so  t h z t  the  k i n e t i c  energy o f  t h e  e j e c t e d  mztter  may s - G i l l  be c lose t o  10 55 ergs.  

The la rge  scale  alignment of  t h e  magnetic f i e l d  required t o  explain t h e  

very high degree o f  o p t i c a l  po lar iza t ion  recent ly  discovered by Sandage and 

M i l l e r  might be d i f f i c u l t  t o  explain i n  a s i tua tzon  i n  which we have approxi- 

mate equipar t i t ion  between magnetic flux, e lec t ron  f lux  present  now, and 

k i n e t i c  energy of the  exploding Inaterial .  

an over-bearing f lux  of protons with l o c a l  energy d e n s i t i e s  high compared t o  

However, t h i s  may Se a t t r i b u t e d  t o  

t h e  o ther  energy modes which i n  continuous processes of generation have 

. "straightened" t h e  magnetic f lux  l i n e s  as they have streamed out .  

I n  conclusion, it i s  of some i n t e r e s t  t o  consider b r i e f l y  t h e  source of 

n a t e r i a l  which has been blown out of t h e  plane of t h e  galaxy. 

Hggbon concluded t h a t  t h e  mass ol Leutrai  axomic hydrogen i n  M 82 2qounted t o  

Volders and 

N m = ( l . l  * 0.2) x 10 9 Mo 

f o r  t h e  dis tance 

increased t o  1 . 6  

t h i s  means a3out 

they chose. 

* 0.3 x 10 Ka. If t h e  to-Gai rnass o f  t h e  g a l a y  i s  10 Ma 

16% of tha-c mass is  i n  %ne Tom of  atoniic hydrogen. 

For :he d i s t m c z  we have  sea ke-e t h i s  i s  

9 10 

Wnile 

dust  i s  very obviously present ,  it cannot contr ibute  very rnuch mass since it 

can be forxed only out of the 'hezvier  elements. Thus we niay suspose t h a t  

% 5 0.01 NJq unless the  composition of t h e  -oncondensed mater ia l  i s  ve,y 
rii 

d i f f e r e n t  from normal. The mass of molecular hydrogen I s  uncertain.  It mzy 

be com2arable with the  atomic hydrogen. I n  any c8se t h e  la rge  amomt of gas 

implies t h a t  t h e  mean densi ty  of i n t e r s t e l l a r  mat ter  i n  t h e  galaxy i s  high. 
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If we suppose t h a t  it can be approximated by a uniform spheroid of a x i a l  r a t i o  

1/10, then t h e  t o t a l  volume is  about 5 x 

condensed matter i s  7 6 x 

present  toward t h e  center  so  t h a t  we might suppose t h a t  t h e  mean densi ty  i n  the  

region of t he  primary explosion was o r ig ina l ly  5 

em3 and t h e  mean densi ty  of un- 

@/em3. Some mass concentrations must have been 

gm/cm3. A spher ica l ly  

symmetrical explosion must then have given rise t o  a shock which w a s  propagated 

outward and passed through a t o t a l  m a s s  7 2.5 x 10 Mg of  gas and dust before 

material w a s  e j ec t ed  from t h e  "surface" of t h e  galaxy i n  t h e  d i r ec t ion  o f  t h e  

a 

axis of the  cone described e a r l i e r .  The t o t a l  amount of gas which has 

.6 been e j ec t ed  i s  - 10 

t h e  galaxy t h e  gas has been excited out t o  dis tances  - 900 pc from t h e  center  

Ma, according t o  Lynds and Sandage. I n  the  main body o f  

i n  t h e  d i r ec t ion  of 

been v io l en t  enough 

Further progress i n  

t h e  m a j o r  axis  so  t h a t  t h e  explosion, o r  explosions,  has 

t o  exc i t e  some 4 x 107 - 7 x 10 M~ o f  gas and dus t .  

understanding the  energe t ics  of explosions o f  t h i s  type 

7 

may be achieved when de ta i l ed  calculat ions of t h e  propagation of s t rong  shocks 

from a c e n t r a l  outburst  on t h e  ga l ac t i c  sca le  a re  undertaken. 

The major object ion t o  a modification o f  t he  energet ics  along t h e  l i n e s  

proposed e a r l i e r  i n  t h i s  sec t ion  may be thought t o  l i e  i n  our r e fusa l  t o  accept 

t h e  most "conservative" model as  the most probable one. Our reasons f o r  t h i s ,  

apa r t  from those discussed above, stem from t h e  b e l i e f  t h a t  t h e  a c t i v i t y  i n  M 82 

i s  y e t  another manifestation of the  generation of vas t  f luxes of energy by pro- 

cesses  which a re  not ye t  properly understood and which i n  many cases demand 

minimum energies  i n  excess of 10 e rgs .  

elsewhere (Burbidge, Burbidge, and Sandage 1963). 

60 This s i t u a t i o n  has been summarized 

While t h e  sca l e s  of t h e  

processes may cover a wide range we be l ieve  t h a t  many d i f f e r e n t  manifestat ions 

of t h e  outbursts  (s t rong or w e a k  radio cha rac t e r i s t i c s ,  Seyfer t  c h a r a c t e r i s t i c s ,  

o p t i c a l  synchrotron rad ia t ion)  of'ten arise because the explosions take  place 
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i n  d i f f e r e n t  environments ( e l l i p t i c a l ,  s p i r a l ,  i r r e g u l a r ,  o r  recent ly  forming, 

galaxies)  and they a re  observed a t  d i f f e r e n t  s tages  i n  t h e i r  evolution. 

we might well expect t h a t  we may not de tec t  t h e  re lease  o f  a la rge  p a r t  of t h e  

energy i n  many cases .  

Thus 
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TABLE 1 

OBSERVATIONS OF'M 82 

Spectrum 

No. 
Posit ion Exposure Posi t ion in  G a l a x y  Date 

Angle ( M i n . )  

B 720 D ~ C .  24, 1960 65O 79 Nucleus centered 

B 724 D ~ C .  27, 19a 8 3" 55 Nucleus centered 

B 725 Dec. 27, 1960 46' 90 Nucleus centered 

B 726 D ~ C .  27, 1960 57?3 90 Nucleus centered 

B 736 Feb. 27, 1961 69O 50 Nucleus centered 

B 737 Feb. 28, 1961 69O 1.50 Nucleus SW end of s l i t  

B 920 Feb. 11, 1962 62' 240 Nucleus SW end o f  slit* 

B 1188 Jan. 10, 1964 145' 85 Crosses major axis 5" 
SW o f  nucleus 

B 1196 \ Jan. 14, 1964 O0 90 Nucleus centered 

B 1197 Jan. 14, 1964 62' 62 Nucleus centered 

B 1198 Jan. 14, 1964 30' 90 Nucleus centered 

L 767 Mar. 8, 1964 155' 38 Crosses major axis 10" 
SW of nucleus 

* 
On t h i s  spectrum alone, no emission l i n e s  were measured; the absorption l i n e s  HP, Hy, 

H15, HG, were measured. 
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TABLE 2 
EMISSION L r n  

VELOCITIES IN ~ 8 2  (REDUCED TO LOCAL STANDARD OF REST) 

A S  A FUNCTION OF DISTANCE FROM ASSWD CENTER 
~~ ~ 

Distance 

From Center 

~~ 

Velocity 

(km/sec) 

B 1196 

Distance 

From Center 

P.A. 0' 

Veloci t j  

(km/sec: 

HCY: 

N -88.2 
-85.3 
-82.4 
-79.5 
-76.6 
-73.7 

-67.9 
-70 -8 

-65 .o 
-62.1 
-59.2 
-56.3 
-53.4 
-50.6 
-47.6 
-44.7 
-41.8 
-38.9 
-36.1 
-33.2 
-30.3 
-27.4 
-24.5 
-21.6 

-15.8 
-12.9 

-18.7 

-10 .o 
- 7.1 
+io. 3 
+13.2 
+16.1 
+19.0 

Distance 

From Center 

(Sec. of Arc) 

+383 
379 
329 
333 
284 
302 
28 3 
286 
327 
262 

\ 288 
291 
317 
312 

307 
295 
282 
300 

317 
327 
345 
33-7 
319 
328 
308 
30 9 
251 
282 
284 
215 
200 

201 
201 

Velocity 

( W s e c  1 

B 1196 '. (Cant. ) P.A. 0' 

N 

S 

-35.5 
-32.5 
-29.7 
-26.8 
-23.9 
-21.0 
-18.1 

-12.3 
- 9.4 
- 6.5 
- 3.6 
- 0.7 
+ 2.2 
+ 5.1 
+ 8.0 
+io. 9 
+13.8 
+16.6 
+l9.5 
+22.4 

+28.2 
+31.1 
+34.0 
+36.9 

-15 -2 

+25.3 

:S 11] 6717: 
N - 7.8 

- 4.9 

+ 0.9 
+ 3.8 

- 2.0 

+' 6.7 

~~ ~ 

+284 
279 
30 4 
276 
270 
280 
266 
25 3 
300 

301 

325 
327 
2 98 
336 
277 
248 
211 

20 4 
182 
168 
168 
160 
198 
198 
213 
212 

296 
333 
305 
306 
307 , 

242 / I  

I B 1198 P.A. 30' 

HCY: 

N.E.  -46.3 
-43.4 
-40.5 
-37.6 
-34.7 

-29.0 
-26.1 
-23.2 
-20.3 

-31.9 

-17.4 
-14.5 
-11.6 
- 8.7 
- 5.8 
- 2.9 
0 

+ 2.9 
+ 5.8 
+ 8.7 
+11.6 
+14.5 
+17.4 
+20.3 
+23.2 
+26.1 
e9. o, 
+31.9 
+34.8 
+37.6 
+40.5 
+43.4 
+46.3 



+21.9 
+24.8 
+27.7 
+30 - 5 
+33* 4 
+36.3 
+39.2 
+42.1 
+45 .o 
+47 9 
+50.8 
+53*7 
+56.6 
+59.5 
6 2 . 4  
+65.3 
+68.2 
+71.1 
+74.0 
+76 9 
+79.8 

s +82.6 

201 

, 186 
209 
216 
20 9 
2 38 
2 30 
2 37 
214 
220 

20 4 
173 
179 
170 
146 
151 
127 
125 
160 

+ 9.6 
+12.5 
+15.3 
+18.2 

+21.1 

+24.0 
s +26.9 

s 113 6731: 
N - 6.5 

- 3.6 
- 0.7 
+ 2.2 

+ 5.1 
+ 8.0 
+io. 9 
+13.8 
+16.6 
+19 5 
+22.4 

lo5 110 I !  , :  +25*4 

2 35 
221 

214 
193 
185 
142 
119 

318 
341. 
3 35 
343 
300 
250 
2 43 
1-93 
186 
186 
157 
178 

+49.2 
S.W. +52.1 

[ N  111 6583: 
N.E. -19.8 

-16.9 
-14.0 
-11.1 

- 8.3 
- 5.7 
- 2.5 
+ 0.4 
+ 3.3 
+ 6.2 
+ 9.1 
+12.0 

+14.9 
+17.8 
+20.7 
+23.6 
+26.5 
+29.4 
+32.3 

I I 
! I 

i 

I 

1 
i 
! 

I 

i 
I 
j 
I 

i 

! 
! 
i 
i 
i 

/ 

! 
I 
I 
1 
I 
! 
i 
I 

j 

! 

i 

i 
1 

i 

! 

I 
I 

169 
198 

432 . 

441 
420 
399 
371- 
342 
32 9 
322 
293 
272 
2 35 
251 
2 36 
252 
2 45 
2 30 
2 38 
22 3 
260 
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- 

Distance 

From Center 

B 1198 (Cont.) 

[ N  11 J 6583: 
+35 -2 
+38.1 

+43 Q 
+46.8 
+49.7 
+52.6 
+55*5 
+58.3 

S.W. +61.2 

+41.0 

[S 11] 6717: 
N.E. - 4.8 

- 1.9 
+ 1.0 

+ 3.9 
+ 6.8 
+ 9.7 
+12.6 
+15.5 
+18.4 

S.W. +21.3 
[S 113  6731: 
NaE. - 4.9 

- 2.0 

+ 0.9 
+ 3.8 
+ 6.7 
+ 9.6 
+12.5 

S.W. +15.3 

B 725 

. - - __ - - - - __ 
Velocity 

>: (k?n/=c) 

P.A.  30" 

Distance 

From Center 

(Sec. of Arc) 

+2 37 
274 
274 
258 
250 
257 
218 

187 
170 
184 

' 315 
287 
30 3 
30 3 
261 
218 
160 
15  3 
1.5 4 
190 

341 

350 
351 
366 
3 30 
25 9 
187 
152 

Velocity 

( W s e c  1 

P.A. 46' 

Ha: 
N.E. -10.0 

~~ 

B 725 (Cont.) P.A.  46O 

[N I13 6583: 
+ 2.9 
+ 5.8 
+ 8.7 
+11.6 
+14.5 
+17.4 
+20.3 
+23.2 
+26.1 
+29.0 
-1-31 9 
+34.8 

S.W.  +37.7 

N.E. - 6.6 
- 3.7 
- 0.8 
+. 2.1 

+ 5.0 
+ 7.9 
+io .8 
+I307 
+16.6 
+l9 5 
+22.4 

S 111 6717: 

+25 3 
S.W. +28.2 

s 11] 6731: 
N.E. - 6.6 

- 3.7 
- 0.8 
-F 2.1 

+ 5.0 
+ 7.9 

+25 4 
2 70 
2 41 
257 
212 

228 

213 
206 
214 
214 
206 
206 
168 

329 
294 

179 
157 
180 

166 
15  9 
166 

196 
173 
202 

' 207 

144 

36 3 
386 
387 
35 9 
316 
302 

Distance Velocity 

From Center ( W s e c )  

j 

2 B 726 (Cont.) P.A. 5793 

Ha: 
+16.6 

I 

+ l9*  5 
+22.4 
+25 3 
+28.2 
+31.1 
+34.0 
+36 9 
+as. 8 
+42.7 
+45.6 
+48.5 
+51.4 

S.W. +54.3 
[N 111 6583: 

N.E. -36.6 
-33.7 
-30.8 

-1-5.8 
-27 - 9 

-12 9 
-10 .o 
- 7.1 
- 4.2 
- 1.3 
+ 1.6 
+ 4.5 
+ 7.4 
+io. 3 
a 3 . 2  
+16.1 
+19.0 
+21.8 
+24.7 

+216 
197 
179 
175 
157 
161 
165 
146 
187 
139 
128 

139 
181 
162 

404 
357 
356 
331- 
398 
350 
348 
368 
358 
35 5 
3 30 
342 
32 4 
291 
257 
246 

2 43 
202 

222 



where T i s  the  age of the explosion. The philosophy behind t h i s  approach 

is  t h a t  it attempts above a l l  t o  minimize the  energy requirements by ignoring 

t h e  possible  presence of a proton flux, and by supposing t h a t  t he  electrons 

which were ,produced i n  a single outburst a re  s t i l l  able t o  rad ia te  the  observed 

fluxes of op t i ca l  and radio radiation. Since 

8.35 x years tl = - 
2 H ~ , E  

where E is  measured i n  Bev and 

. 

C = 1.61 x 10~3 H ~ E ~  c/s, 

14 t h i s  means t h a t ,  f o r  the  op t i ca l  synchrotron radiat ion,  (vc 

E = 5 . 4  x 1 O I 2  ev and H, = 1 . 2  x 10 

6 x 10 c / s )  

-6 . gauss. Then the  t o t a l '  energies i n  

p a r t i c l e s  and f i e l d  are  

\ER 2.6 X ergs 

and 

5 = 1 . 3  x lo5' ergs .  

Thus t he  bulk of the  energy of t he  explosion has been released i n  the  

form of k ine t i c  energy of gas and u l t r a - r e l a t i v i s t i c  e lec t rons  (even the  lowest- 

energy e lec t rons  responsible f o r  radio rad ia t ion  a t  100 Me have energies of  

-5  Bev). A negl igible  f rac t ion  i s  contained i n  magnetic f i e l d  energy. 

two. o p t i c a l  synchrotron sources which a re  known, t he  Crab Nebula (001% and 

In the  o ther  

Walraven 1956, Woltjer 1958, Burbidge 1958) and the  j e t  in  M 87 (Shklovsky 1955, 

Burbidge 1956) r a the r  d i f fe ren t  conditions a re  thought t o  p reva i l .  

a number of arguments have l e d  t o  the conlusion t h a t  the  magnetic f i e l d  has a 

s t rength  somewhere i n  the  range 5 x lom4 - 
t h e  range kl,OOO - 50 years are involved. 

t h a t  t h e  time sca les  f o r  the decay of the  o p t i c a l  e lectrons a re  much shor t e r  

than t h e  time sca l e s  associated with the explosive phenomena as they can be 

In  the  Crab 

gauss so tha t  t he  ha l f - l i ves  o f  

I n  each of these cases it i s  c l e a r  



-. -. _. 

Distance 

From Center 

TABLE 2 (Cont.inued) 

Distance I Velocity 

From Center ' (km/sec) 

_- - 

(See. of A r c )  1 

Velocity 

(km/sec) 

[s 111 6717: 
+24.2 
+27.1 

\\ . +30.0 
+32 9 
+35 -7 
+38.6 
+41.5 

S.W. +44.4 
[S 113 6731: 
N.E. - 5.4 

- 2.5 
+ 0.4 
+ 3.3 
+ 6.2 
+ 9.1 
+12.0 

+17.8 
+20.7 
+23.6 
+26.5 
+29.4 

' +32.3 
+35.2 
+38.0 
+43-.0 

S.W. +43.9 

Distance 

From Center 

B 1-197 

Velocity 

(km/sec 1 

+166 
148 

185 
122 

144 
111 
122 

74 

343 

\\ 338 
,341 

350 
293 
300 
275 
221 

2 32 
2 44 
233 
200 

219 
208 

189 
208 
20 4 
229 

P.A. 62' 
HCY: 

N.E. -37.3 
-34.4 

-28.6 
-31.5 

420 
398 
406 
368 

B 1197 (Cont.) 

HCY: 

S.W. +63.3 
[N I13 6583: 
N.E. -30.8 

-27.9 
-25 .O 

-22.1 

-19.2 
-16 ..3 

-10.5 
- 7.6 
- 4.7 
- 1.8 

-13.4 

+ 1.1 
+ 3.9 
+ 6.8 
+ 9.7 
+12.6 
+15.5 
+18.4 
+21.3 
+24.2 
+27.1 
+30.0 

+32 9 
+35 08 
+38.7 

+44.5 
+47.4 
+50 3 
+53.2 
+56.1 

S.W. +59.0 

+41.6 

P.A.  62' 1 B 1197 (Cont.) P.A. 62' 

+I5 3 

320 
3 35 
327 
320 
320 
327 
334 
31-0 
3 32 
3 39 
315 
276 
275 
2 36 

196 
186 
169 
167 
17 3 
156 
161 
174 

1.5 4 
166 
156 
138 
1.43 
177 
144 
149 

212 

16 4 

1 [S I11 6731: 
+26.8 
+29.7 

1 S.W. +32.6 

I +18 3 
160 
172 

B 720 P.A.  65?5 i 
HCY: 

N.E. -43.2 
-40.3 
-37.4 
-34.5 
-31.6 
-28.7 
-25.8 
-22.9 
-20 .o 
-17.1 
-14.3 
-11.4 
- 8.5 
- 5.6 
- 2.7 
+ 0.2 
+ 3.1 
+ 6.0 
+ 8.9 
+11.8 
+14.7 
+17.6 
+20.5 
+23.4 
+26.3 
+29.2 
+32.1 

+35 -0  

35 9 
329 
35 3 
38 3 
38 3 

376 
398 
390 
428 
420 
404 
411 
372 
36 3 
32 4 
307 
2 91 
266 

41 4 

2 42 
270 
246 
251 

234 
240 
2 45 
227 
255 



-25 -7 
-22.8 
-19.9 
-17.0 
-14.1 
-11.3 
- 8.4 
- 5.5 
+io. 3 
+lg. 9 
+22.8 

' +28.6 
+33-.5 

+25 7 

+34.4 
+37.2 
.+40.1 
+43.0 
+45 9 
+51.*7 
+57.5 

35 3 
315 
330 
322 
'99 

:S 11] 6717: 
N.E. - 2.1 

+ 0.8 
+ 3.7 
+ 6.6 
+ 9.4 
+12.3 
~ 5 . 2  
+18.1 

S.W. +21.1 

'S 11] 6731: 
N.E. - 2.1 

+ 0.8 
+ 3.7 
+ 6.6 
+ 9.4 
+12.3 
+15.2 
+18.1 
+21.0 

+23*9 

+37.9 
S.W. +40.8 

[N I11 6583: 
N.E. -44.2 

-41.3 
-38.4 
-35.5 
-32.7 
-29.7 
-26.8 
-24.0 
-21.1 
-18.2 
-1.5 3 
-12.4 
- 9.5 
- 6.6 
- 3.7 
- 0.8 
-k 2.1 
+ 5.0 

22 3 
250 

340 
356 
349 
342 
350 
387 
380 

447 
432 
446 
45 3 

418 

430 
421 
390 
351 
335 
326 
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W L E  2 (Continued) 

Distance 1 Velocity 1 
From Center 1 ( h j s e c )  

(See. o f  Arc) 

__.____ - - . - - - I_ 
Distance 1 Velocity i i  Distance i Velocity 

I From Center (km/sec) 1 '  From Center 1 (km/sec) 
(Sec. of Arc)  ' 1 ;  (See. of k c )  , I 

[ N  111 6583.: 
+ 7.9 
+io. 8 
+13.7 
+16.6 
+19 5 

-13.6 
+264 1 1  
277 1 1  -10.7 

- 7.8 253 1 

258 I - 4.9 
264 1 - 2.0 

1 1  

I 

+464 
431 
38 3 
380 
35 4 

' [ S  11] 6731: 
- 1.8 
+ 1.1 
+ 4.0 
+ 6.9 
+ 9.8 

262 1 + 0.9 i 306 +12.6 I 248 
207 1 ,  + 3.8 I 280 +1-5.5 ~ 1 208 

, I  I t-22.4 
+25.3 1 
+28.2 
+31.1 
+34.0 
+36.9 

I I 

220 + 6.8 2 47 I S.W. +18.4 ~ 169 
172 + 9.7 206 I 

, B 737 P.A. 69" 
I 

140 I +12.5 ' i 188 I 

I I Ha : 145 +15.4 207 1 I I 

I 

1 
\ I I 

+39.7 1 157 +18.3 219 I N.E. -35.1 I 399 I 

380 
i +42.6 185 +21.2 193 i -32.2 

+45 5 2 43 +24.1 
S.W. +48.4 ' 202 +27.0 

[S 11] 6717: 
N.E. -15.1 

-12.2 

- 9.3 
- 6.4 
- 3.5 
- 0.6 
-t 2.3 
+ 5.1 

205 1 
156 

, 

I +30.0 145 
418 S.W. +32.8 157 

388 N.E. -29.0 3 42 
351 -26.2 36 3 

406 357 -23.3 
320 -20.4 i 381 

-17 5 394 
362 

30 4 

381. [ N  I13 6583: 

I 

I 

I 

~ 

i &9 -14.6 

-29.4 391 
-26 5 425 
-231.6 
-20 . '7 
-17.8 
-14.9 
-12 .o 
- 9.1 
- 6.1 

391- 
402 

391- 
36 4 
345 
356 
322 

- 3.3 288 
- 0.4 2 91 

I 
I 

I 
+ 8.0 1 287 -11.7 I 382 1 S.W. + 2.5 2 34 

2 42 - 8.8 i 387 I [N 111 6583: 
I 

I +1o.g 1 
+13.8 
+16.7 
+1g. 6 
+22.5 

+25.4 
+28.3 
+ 3 . 2  
12311 1 

255 - 5.9 I 3 32 N.E. -35.1 
2 47 - 3.0 31 4 -32.2 

216 - 0.1 288 1 -29.4 
185 ~ + 2.8 240 I 1  -26.5 

+ 5.7 
+ 8.6 
+ll. 5 
+I L. 4 

-23.6 
227 I -20.7 

I 
201 -17.8 
175 -14.9 

400 

396 
415 
426 
42 3 
419 
4001 
396 



t 

+17- 3 
+20.2 

S.W. +37.0 

[S 111 6731: j 1 1  

447 
4-93 1 
395 ' 

N.E. -14.0 I , 

S.W. +28.9 
[S 11] 6717: 
N.E. -16.3 

I 

342 
319 

343 

294 
288 

I -11.1 

- 8.2 
- 5.3 
- 2.4 
+ 0.5 
+ 3.4 
+ 6.3 
+ 9.2 
+12.0 

-13.4 
-10.5 
- 7.6 
- zc.7 

1 - 1.8 

I 
1 

455 1 
418 j 

+23.1 
1-26.0 

+15.0 j + 1.1 
'S.W. +17.9 

.. 

- B 736 sew, + 9.7 
[ S  113 6731: 

N.E. -13.4 
-22.2 -10.5 
-19.3 1 
-16.5 1 I 458 423 I 

- 7.6 
- 4.7 

I 1i 

i 1-87 
192 I 

I 
I 
I 
1 211 i 

-12.0 

- 9.1 
- 6.2 

162 I I - 3.3 
144 I - 0.4 

1 S.W. -t 2.5 
488 1 1  [s II] 6717: 
493 ~ N.E. -36.9 
395 1 -34.0 I 

378 1 -31.1 

346 -29.2 
I 

292 \ -25.4 
245 ' -22.4 

I 

242 , -19.5 
20 3 -16.6 
156 -13.7 

-10.8 
382 - 7.9 
372 - 5.0 
348 - 2.1 

I 31.6 S.W. + 0.8 

I 

1 4-90 

I 358 
I 377 

403 
I 369 

312 

I 439 
428 j 

I 

475 I 
\ 

493 
496 

415 
396 
377 
373 
30 3 
2 91 
279 
209 

412 



~ 

TmLE 2 (Continued) 

Velocity I Distance Velocity Velocity 1 Distance 

(km/sec) 
I 

I D i s t anc e 
F r o m  Center ~ (km/sec) I F r o m  Center (km/sec) ?rum 1+12jor Axis 

(See. of  A r c )  1 (See. o f  A r c )  I (See. o f  A r c )  
I 

B 737 (Cont.) P . A .  69" B 724 (Cont.) P .A .  83O ' B 1188 (Cont.) €'.A. 145" 
I 

i I 
I 

[ S  113 6731: 
N.E .- 37.5 

-34.6 

S .  

-31.7 
-28.8 

-23.0 

-25 9 

-20.1 

-17.2 
-14.3 
-11.4 
- 8.5 
- 5.6 
- 2.7 
+ 0.2 

w. + 3.1 

+458 

512 

5 30 

475 
442 
467 
398 

38 9 
36 3 
3 5 1  
30 4 
2 92 
25 9 
225 

422 

[ S  11] 6717: 
N.E. - 6.6 

- 3.7 
- 0.8 
+ 2 .1  

+ 5.0 

+ 7.9 
+io. 8 

S.W. +13.7 
[S 11] 6731: 
N.E. - 3.6 

- 0.7 
T 2.2 

+ 5 . 1  
+ 8.0 
+lo. g 

1 +372 
1 3 37 

35 4 
334 
262 
26 3 

191 
178 

390 
377 
320 

292 
250 

2 44 
201 S.W. +13.8 

B 724 P.A.  83' 0 B 1188 ?.A. 145 
:a : 
J.E. -32.8 

I 
-29.9 
-27.0 I 
-24.2 

* -21.2 

-18.3 
- -15.4 

- 9.6 
- 6.8 

- 3.9 
- 1.0 

-I. 1.9 
+ 4.8 

+ 7.7 
+io. 6 

-12.5 

36 9 
357 
375 
393 
380 
321 

35 4 
36 4 
366 
38 3 
36 9 
340 
31.1 
2 90 
268 
2 46 

(not through nucleus) I 

Distance From V e l o  c it y 

(km/sec) 
Major Axis 

(See. of A r c )  
Ha : 

+11.7 
+14.6 

+17.5 
+20.4 

+23.3 
+26.2 
+29.1 
+32.0 

+34.9 
+37.8 
+40.7 
1-43.6 
+46.5 
+49.4 

+52.3 
+55.2 
+58.1 
+61.0 
+63.8 
+66.7 
4 9 . 6  

S.E. -86.7 131- N.W. i-72.5 

-83.8 
-80.9 
-78.0 

-75.1 
-72.2 

-69.3 
-66,5 
-63.6 
-60.7 
-57.8 

I -54.9 
-52 .o 

126 
167 
117 
112 

145 
155 
217 
182 

[TJ 11] 6583: 
S.E. -43.9 

-41.0 
-38.1 

-35 - 3 
-32.4 

-29.5 
-26.6 

138 -23 7 
185 -20.8 
210 -17.9 
226 I -15 .o 

+211 

2 47 
275 
251 

272 
270 
2 3 1  
2 1  3 
226 
217 

2 37 
264 

25 4 
312 
279 
306 
326 
300 

290 
347 
344 
36 3 

102 

125 

141 
142 
187 
188 

17 3 
168 

196 
20 3 
218 



___-_ - -- 
+I305 
+i6.4 
+19.3 
+22.2 

+25.1 
+28 .o 
+30 9 

S.W. +33.8 
[N 113 6583: 
N.E. - 5.2 

- 2.3 
+ 0.6 
+ 3.5 
+ 6.4 

c + 9.3 
+12.2 

+15.1 
+18 .o 
+20.9 
+23.8 

S.W. +26.7 

216 
179 
179 
225 
233 
226 

211 

188 

382 
376 
324 
30 3 
281 

2 36 

200 I 

185 
2 47 
277 
255 

222 

-49.1 
-46.2 
-43.3 
-40.4 
-37.5 
-34.6 
- 3 . 7  
-28.8 
-25 9 
-23.0 
-20.1 

-17.2 
-14.3 
-11.4 
- 8.5 
- 5.6 
- 2.8 
+ 0.1 

+ 3.0 
+ 5.9 
+ 8.8 

-12.1 

- 9.2 
- 6.3 
- 3.4 
- 0.5 
+ 2.4 
+ 5.3 
+ 8.2 
+11.1 

+14.0 
+16.9 
+19.8 
+22.7 
+25.6 
+28.4 
+31.3 
+34.2 
+37 1 
+40.0 

+42.9 
+45.8 

218 
2 32 
2 32 
2 31 
2 30 
244 
229 
2 35 
219 
210 

2 38 
199 
190 
17 3 
179 
170 
212 

210 

25 3 
243 
278 

- 36 - 



TABLE 2 (Continued) 

[N 111 6548: 
N.W. - 3.7 

- 2.0 
- 0.3  

Distance From 
Major Axis 

(See. of k c )  

186 
182 
164 

B 1188 (Cont.) P.A. 145 

[N 113 6583: 
+48.7 
+51.6 

N.W. +54.5 
[S  113 6717: 
S.E. -15.1 

-12.2 
- 9.3 
- 6.4 
- 3.5 
- 0.6 
+ 2.3 
+ 5.2 
+ 8.1 

N.W. +11.0 

[ S  11] 6731: 
S.E. -14.0 

-11.1 
- 8.3 
- 5.4 
- 2.5 
+ 0.4 
+ 3.3 
+ 6.2 

N:W. + 9.1 

+282 
2 95 
3 37 

1-97 
233 
2 41 
248 
28 3 
247 
'22 4 
274 
25 9 
279 

220 

199 
21 3 
2 42 
248 
262 
269 
225, 

2 38 

L 767 P.A. 155' 

Major Axis 

(See. of h e )  

L 767 P.A.  155' 

N 113 6548: 
+ 1.3 
+ 3.0 
+ 4.7 
+ 6.4 

3.E. + 8.1 
Ka, : 

N.W. -11.3 
- 9.6 
- 8.0 
- 6.3 
- 4.6 
- 2.9 
- 1.3 
+ 0.4 
+ 2.1 
+ 3.8 
+ 5.5 
+ 7.1 
+ 8.8 
+lo. 5 
+12.2 
+13.8 
+15.5 
+17.2 
+18.9 

S .EA* - 42036 
N 111 6583: 
N.W. -11.2 

- 9.5 
- 7.8 

Distance From Velocity 

Major Axis ( W s e c )  , (Sec. of Arc) 

L 767 (Cont.) 

[ N  111 6583: 
- 6.1 
- 4.4 
- 2.8 
- 1.1 
+ 0.6 
+ 2.3 
+ 3.9 
+ 5.6 
+ 7.3 
+ 9.0 

S.E. +10.7 
[ S  11] 6717: 
N.W. - 7.9  

- 6.2 

- 4.5 
- 2.9 
- 1 . 2  

+ 0.5 
+ 2.2 

+ 3.9 
S.E. + 5.5 

[ S  113 6731: 
N.W. - 8.6 

- 6.9 
- 5.2 

- 3.5 
- 1.8 
- 0.2 
+ 1.5 
+ 3.2 

S.E. + 4.9 
.- - 

P.A. 155" 

. +149 
15 4 
171 
198 
193 
18 4 
188 
171 
175 
161 
161 

169 
16 4 
17 3 
17? 
182 
199 
177 
181 
177 
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TA.ExJ3 3 

MEAN ABSORPTION LINE VELOCITIES FROM SPECTRUM B 920 

Distance From Center 

(Sec. of  A X )  

N.E. -lG, , 

-133 
-125 
-117 
- 110 
-10 3 
- 96 
- 88 
- 81 
- 74 

~ 

Q 
Velocity and Y e a n  E r r o r  

( W s e c )  

298 * 71 
327 *loo 
451 f106 
406 *. 88 

. 434 * 66 
G37 f 57 
426 f 65 
384 f 44 
386 f 46 
370 f 39 

Distance From Center 

(Sec. o f  Arc) 
~~ 

- 67 
-59 
- 52 
- 45 
- 38 

-23 
- 16 

* Velocity and &an Error 

(kn-b-4 

308 f 34 

287 f 40 
224 f 29 

296 f 55 
1-99 * 81 
128 '105 
193 * 67 
155 * 67 

b - 7.8 175 * 49 
S.W. + 1.9 118 f 31 

y. 

"At  each posi t ion,  t h e  ve loc i ty  is  a mean of 5 measures; one each from HB, Hy, H6, HG, HT. 
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, FIGURF: CAPTIONS 

Fig.  1 M 82, photographed a t  prime focus of McDonald 82-inch te lescope on Eastman 

I 

I -  

Kodak l O 3 a - O  p l a t e  (20-minute exposure). So l id  l i n e s  mark s l i t  o r i en ta t ions  

and regions over which emission l i n e  v e l o c i t i e s  were measured ( l i n e s  drawn 

black or white simply f o r  best  v i s i b i l i t y  aga ins t  background). Short  

broken l i n e s  ind ica te  posi t ions where only continuum radia t ion  w a s  observed. 

The long dashed l i n e  i n  P.A. 62" marks t h e  region over which absorption 

l i n e  v e l o c i t i e s  were measured. Scale:  1 mm = 2!'0. 

Fig. 2 A 1-minute exposure of M 82, photographed a t  prime focus of 82-inch t e l e -  

scope,' on Eastman Kodak lO3a-O p l a t e ,  showing d e t a i l s  o f  s t ruc tu re  near  

center .  Scale:  1 mm = 2'!73. North i s  at l e f t ,  e a s t  at top .  

Fig.  3a Spectrum o f  M 82 from h 3600 - A 6750, photographed a t  prime focus of 

McDonald 82-inch te lescope on lO3a-F emulsiono Lef t :  B1197, P.A. 62"; 

r i gh t :  ~ 1 1 9 8 ,  P.A. 30". Key f o r  s p e c t r a l  fea tures :  1 = [S  111 h 6731, 

X 6716; 2 = [ N  111 h 6583, Ha, [N I I ]  h 6548; 3 = NaI h 5893 absorption and 

He I X 5876 emission; 4 = [ O  111 h 5007; 5 = HB; 6 = Hy; 7 = [ O  I1 j h 3727. 

Velocity va r i a t ions  are  Shown by [S  113, H a ,  and [N 111 l i n e s .  Wavelengths 

of some l i n e s  i n  comparison spectrum a re  shown. 

Fig. 3b Bed s p e c t r a l  reglon of M 82, showing ve loc i ty  va r i a t ions  i n  emission l i n e s  of 

[S 113, [ N  113, and Ha. a: B720, P.A. 6 5 p ;  2: B724, P.A. 83"; - e :  ~1188,  

P.A. 145"; - d:  ~ 1 1 9 6 ,  P.A. 0'. 

Fig. 4 Measured v e l o c i t i e s  i n  M 82 along major axis, reduced t o  l o c a l  standard of 

Sol id  l i n e  is  adopted rest, p l o t t e d  against  distance from assumed center .  

ro t a t ion  curve from Mayall 's absorption l i n e  measures. 

Fig.  5 Measured emission l i n e  v e l o c i t i e s  i n  P.A. Oo, 'reduced t o  l o c a l  standard 

of  rest, p l o t t e d  against  distance from assumed center .  

Fig.  6 Measured emission l i n e  v e l o c i t i e s  i n  P.A. 3O", reduced t o  l o c a l  standard 

of rest, p l o t t e d  aga ins t  distance from assumed center .  

- 39 - 



Fig.  7 

Fig. 8 

Fig-; 9. 

Fig.  10 

Fig. 11 

Fig. 1 2  

. 
Fig. 1 3  

Measured emission l i n e  v e l o c i t i e s  i n  P.A. 65?5 reduced t o  l o c a l  

standard of r e s t ,  p l o t t e d  against  distance from assumed center .  

Measured emission l i n e  v e l o c i t i e s  i n  P.A. 6g0, reduced t o  l o c a l  

standard of  rest, p l o t t e d  against  distance from assumed center .  

Measured emission l i n e  v e l o c i t i e s  i n  P.A. 83",  reduced t o  l o c a l  

standard of r e s t ,  p lo t ted  against  distance from assumed center .  

Measured emission l i n e  v e l o c i t i e s  i n  P.A. lb5" ,  B 1188, reduced t o  

l o c a l  standard of  'rest, p lo t ted  against  dis tance f r o m  where s l i t  

crosses major ax is .  Veloci t ies  i n  P.A. 142' (f 322") and 

P.A. 155" (E 335') from Lynds and Sandage are  shown, althougfi 

t h e i r  measures r e f e r  t o  posi t ions displaced along major ax is  

(by about 10'') from spectrum B 1188. 

Measured emission l i n e  v e l o c i t i e s  i n  P.A. 155', Lick spectrum 

L 767, reduced t o  l o c a l  standard of r e s t ,  p l o t t e d  against  distance 

from where s l i t  crosses major axis. 

Smoothed emission l i n e  v l o c i t i e s ,  with respect t o  center  of galaxy, 

as a function of distance from the  center  ( s o l i d  curve) f o r  

P.A. = 0'. 

i s  nearly constant (dashed curve), f o r  th in-d isk  model. 

ro ta t ion  curve f o r  thick-disk model i s  almost indis t inguishable  from 

t h i s .  

Smo'othed emission l i n e  v e l o c i t i e s ,  with respect t o  center  o f  galaxy, 

as a function of distance from major axis ( s o l i d  curve) f o r  P.A. 145". 

Adopted r o t a t i o n  curve, projected t o  t h i s  p o s i t i o n  angle and crossing 

major axis 5" southwest o f  nucleus i s  shown (short-dashed curve),  f o r  

thin-disk model. 

p l o t t e d  (long-dashed curve). 

Adopted ro ta t ion  curve projected t o  t h i s  pos i t ion  angle 

Projected 

Projected r o t a t i o n  curve f o r  thick-disk model i s  a l s o  

- 4 0 -  
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Fig. 14 

Fig. 15 

Fig. 16 

' Fig. 17 

Fig.  18 

Fig. 19 

Smoothed emission l i n e  ve loc i t i e s ,  with respect t o  center  of 

galaxy, as a function of dis tance from center  ( s o l i d  curve) 

f o r  P.A. 30". Note departures from adopted ro t a t ion  curve 

projected t o  P.A. '30" (dashed curve).  

Smoothed emission l i n e  ve loc i t i e s ,  with respect t o  center  of  

galaxy, as a function of dis tance from center  ( s o l i d  curve) 

f o r  P.A. 46". Note depadures  from adopted ro t a t ion  curve 

projected t o  P.A. 46" (dashed curve).  

Smoothed emission l i n e  ve loc i t i e s ,  with respect t o  center  of 

galaxy, as a function of dis tance from center  ( s o l i d  curve) 

f o r  P.A. 5793. Note departures from adopted ro t a t ion  curve 

projected t o  P .A. 574 3 (dashed curve).  

Smoothed emission l i n e  ve loc i t i e s ,  with respect t o  center  of 

galaxy, as a function of dis tance from center  ( s o l i d  curve) 

for P.A. 62O. Rote departures from adoFted ro t a t ion  curve 

projected t o  P.A. 62" (dashed curve).  

Smoothed emission l i n e  ve loc i t i e s ,  with respect t o  center  of 

galaxy, as a function of dis tance from center  ( s o l i d  curve) 

for P.A. 65'15. Note departures from adopted ro t a t ion  curve 

projected t o  P.A. 6505 (dashed curve).  

Smoothed emission l i n e  ve loc i t i e s ,  with respect t o  center  of 

galaxy, as a function of dis tance from center  ( s o l i d  curve) 

f o r  P.A. 69". 

projected t o  P.A. 69" (dashed curve).  

Note departures from adopted ro t a t ion  curve 
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Fig. 20 Smoothed emission l i n e  ve loc i t i e s ,  with respect t o  center  of 

galaxy, as a function o f  distance from center  ( so l id  curve) f o r  

P.A. 83". Note departures from adopted ro ta t ion  curve projected 

t o  P.A. 83" (dashed curve). 

Fig. 21 Sketch of  geometry of explosion cone i n  M 82. 
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